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A B c T 9 A Cr' 
The ct eriin.-; Hill sine deneni* is „i folded and sctA- 
r~. c r i'" h c so "* ?trflt i f orn dcoos i t cor1 r. t? '*" o r.i o f   oxi d c* >"s n d s i I i c <\ t i 
r.mcrai"; of    iron, zinc,    and n anoane r. e .   T"" i.n enclosed in 
the  rr ecar.br i an Franklin narMe alone the northwestern ■ 
eciqc of- the !lev Jersey Hiohlands.  Electron microprobe 
analvses of  franklir.ito from known locations in the cine 
indicate that (1) nonsysternatic variations .in chemical com- 
position occur both normal and parallel to the layered 
structure of the ore deposit within mappable  units,  (2) 
the comDosition of some of the franklinite inclusions in 
willemite is the same as the composition of discrete frank- 
linite grains which occur within a volume of 7 cm , (3) 
large discrete grains are chemically homogeneous except 
for those that consist of intimate exsolution intergrowths 
with gahnite,  (4) intergranular differences in chemical, 
comoosition are measureable  on a scale of centimeters, 
but the magnitude of these differences is very small with 
respect to those which occur on a scale of tens of centi- 
meters to meters,  (5) there is a direct correlation between 
the iron content of discrete grains of franklinite and 
the color (red, brown and black) of the coexisting wille- 
mite, and (6) there is a correlation between the compo- 
sition  of franklinite inclusions in willemite with the color 
of the red and black willemite.  Electron microprobe 
1 
D 
a n -a 1 v *': e <: o f w i 1 1 e ~ i t c <". h o w t hat t h c iron content of t h c- 
viller.it. e vane; with the color (red, brown, and L-.l a c k ; . 
"'■ unlitat: Jvc electron sicroprobe an a 1 y ses   of vil lep.it e 
frcrs the east lint in proximity to. annhibolite and 
ryroxene-qneisr; show that it is partly replaced by mag- 
nesia r. tenhroite.  Electron microprobe analyses of 
zincite indicate that discrete erra iris of zincite contain 
much less iron than zincite which occurs as fracture- 
fillings in franklinite.  Electron microprobe analyses 
of the host carbonate show that it isa manqanoan calcite. 
These results indicate that chemical equilibrium 
during regional metamorphism was achieved on a scale of 
centi'meters but not on a scale of tens of centimeters. 
Following regional metamorphism, the Sterling Hill deposit 
was subjected to a period of relatively low-temperature 
hydrothermal alteration although the intensity was far less 
than that at Franklin.  This suggests that Sterling Hill 
is more indicative of the pre-metamorphic and metamorphic 
conditions in the deposit as compared with the Franklin 
deposit. 
The results of this study are compatible with the 
view that the zinc, ir.on, and manganese in the Sterling 
Hill deposit are syngenetic and may have occurred in the 
original carbonate mud in the form'of zincian-ferroan- 
manganoan dolomite and subordinately in the form of zinc- 
bearing iron manganese oxides.  This sediment appears to 
t-r    a •» i 3 i c eou r; doionitic nud which was -nubs eou er, t i v -1e- 
'.5 o ! o r< i t i ;: e d an d r e c r v 5 t a 11 i z e d 'durinn rcoi'^iil rctflr.orrhi'.r 
T h e o xides (frankl ir.tte and zincito! observed ir. the dot- o •■; 
are intcrrret e ci a a o r 0 d u c t s t'• r o d u c e d b y d e d o I o r> i t i 2 a t 1 0 r. o : 
t h <:• c arhonate an d , 1 o c a 1 1 v , where these oxides were 'i r. c o n • 
tact with silica they anoarentlv reacted to forr the v i 1 1 e ■ 
mite in the deposit 
INTRODUCTION " 
7b e S t c r I i n n It i 1 1 z i n c d ersnnit at •'< qde n Ft Li u r q , F y s *■■- e x 
"ounty.N'cw Jersey, is .one of a pair of p. i ne r a 1 oa-i c a 1 1 y 
u r. i q v: o o r e d o p o s- i t s w hie h occur i n the F r A n k 1 in r.Srble 
alor.q the western border of the precanbrian rocks w h i c h 
constitute the Mew Jersey Highlands.  The other is the 
Franklin deposit where mining ceased in'19 5A. 
These zinc deposits have unusual characteristics 
relative to most zinc deposits.  First, the three-fold 
association of iron, zinc, and manganese is unique in min- 
eralized .zones of economic size.  Second, the iron and 
manganese are not segregated, although segregation of these 
elements is characteristic of many ore deposits.  Third, 
zinc occurs dominantly as oxides (franklinite and zincite) 
and a silicate (willemite) rather than a sulfide (sphale- 
rite) or a carbonate (smithsonite) which are its common 
mineralogical expression in other primary deposits.  The 
origin of these mineralogically and geochemically excep- 
tional ore bodies has long intrigued geologists and has 
engendered much controversy.  It is the purpose of this 
study to provide additional constraints on the validity 
of various hypotheses regarding the origin of these de- 
posits . 
The Franklin ore body is world-renowned because of 
the occurrence of over 200 mineral species in this deposit; 
4 
*'.;■.<■ ~ : r. e r a I o<: v c''- the °-1 e r I j, r.-n Hill depcn i t. in rei.it r.tf Iv 
r. ! r ;■ 1 « ,   !.' e v <* r t h ft 1 e s s , t h e t w o o r ft > o diet: h a v ft *• h e f r- 1 1 r; v ~ 
ino characteristic?; ir. conmors :   !. } a. host rock cf folded 
"'■ r c c a r- b r 1 a n F r a n k 1 i r. r. a r b 1 e , 2 }    brca;i! v similar ?tr u c t u r ft 
■*. n .th«T. both are synclinal folds which nlur.qe to .the north.- 
cart , 2 ) identical maior sineralooy For the ore mineral?; 
of    7. i n c , and 4 } essentially uniform distribution of sine, 
iron, and nanqanese in the deoosits as a whole. 
However, the two ore deposits differ in several im- 
portant asoects.  First, willemite from Franklin is domi- 
nantlv qreen in color whereas willemite from Sterlina Hill 
is dominantly brown to dull brick-red in color.  Second, 
oeqmatites are absent from the mineralized zone at Sterling 
Hill, whereas locally pegmatites intrude the ore body at 
Franklin, so that, as a result, rare minerals have devel- 
oped through reaction of pegmatite and ore.  By comparison, 
the mineralogy at Sterling Hill is relatively simole and 
monotonous.  Third, black willemite is rare at Franklin, 
whereas it is abundant at Sterling Hill, especially in the 
.cross-member.  Fourth, garnet and rhodonite are common 
gangue minerals at Franklin but are rare at Sterling Hill. 
Fifth, the Franklin ore body is in close proximity to Pre- 
cambrian gneiss (horizontal distance 6 to 15 m), whereas 
the Sterling Hill pre body occurs at a horizontal distance 
of nearly 300 m from the gneiss. 
5 
"":: e y r .-"i r. k ! i r, o r e 1: r d •.* a r n earn t o 1- e <"; t* r. e! teal 1 y r <• - 
1,1 to.;i ■'-.,     fhe Sterhnn Hill ore body except that the for.-or 
v a s o vertu'inteci w i t h a    laroc v,u:e!:v of r.incralj of h •: d r o - 
i 
ihfrniil oriqin which obscure innortar.t rrinarv acne tic 're- 
1 a t,: o n s h i p r> .   If this view is correct, t. h e Sterlinc Hill 
ore body is the more or or, i s i r.a dcocsit for detailed study 
with respect, to the development of genetic ideas on the 
rre-metamorohic sedimentary -environment, the mineralonica1 
distribution of zinc, iron, and manganese in the original 
limestone, and the time relation of mineralization to 
metamorDhism. 
..OBJECTIVES np THIS STUDY 
M iner/ilooical s t \x A i e «; o f t. h e F r a. r\ k 1 i n a r. d s t. e r I i n t? H i 1 1 
;!. eposits ha v e t h u s far b e e n based iarqcl v o n n u s e u r. n p e c i - 
r. e r, s , v e r y few of which can be located on A   ainc CO O r d i r. a t. c 
svster or referred to a nanoable unit within the ore bodv. 
Thus, it is virtually impossible from existing data to as- 
certain and compare the intergranular COPDCSitiona1 varia- 
tions of a mineral soecies within a mappable unit or between 
manpable units. 
Franklinite is a spinel, and the structure Dermits wide 
variations in chemical composition through atomic substitu- 
tion.  Consequently, the compositional variations of frank- 
linite perpendicular and parallel to the banding in the 
Sterling Hill deposit may reflect the original distribution 
of iron, zinc, and manganese in the sedimentary carbonate 
rock before the regional metamorphism which produced the 
franklinite and transformed the limestone into marble.  In- 
herent in this view is the assumption of an isoche^mical 
model for the metamorphism and the absence of long-range 
transport of cations. . The determination of elemental dis- 
tribution patterns based on the spinel phase may permit a 
test of this hypothesis and provide new insight into the 
origin of this oxide-silicate ore body. 
The specific objectives of this study were as follows: 
(1) to determine and compare the intragranular and 
i n t o r c; r an ular c':; e R I c a 1 v a r i a b i 1 i t y of f r a n k 1 i n I t e a n d "s 5 - 
soc i .11 o d "w iller. ite fron d ffcrent r, a P n n b 1 e u n i t *i    i n t h e 
,
c
 t e r I i r, a Hill ore body,  "■■•■-•• 
• ' { 2)    to' determine the conpositional differences be- 
tween franklinite inclusions in red, brown, and black 
willemite, j 
( 3 ) to develop further constraints on our concepts 
regarding the origin of this deposit based on the results 
obtained through (1) and (.2). 
DISCOVERY AND DEVELOPMENT OF THE STERLING HILL MIKE 
T h f.    h i s t o r v o f t h e devclorner.t of t h e z i r. c   d e r- c n r t r. 
' a t F r a :i k 1 ; n and S t e r 1 i n o Kill extends o v e r .a 3 "• *s - y ear 
period (sec, for example, Pa lac he, 15*3 S ,• Pinnor, IaSA; 
Fronde!, 1972).  The deposits are believed tc have he en 
first noticed in the period 1640-165? ,.,by Dutch miners work- 
ing the cooper deposits of the Delaware River drainage 
basin.  It is not certain what ore they sought, but to then 
are attributed mine workings that were ancient when Lord 
Sterling owned the mine in 1770.  Lord Sterling unsuccess- 
fully attempted to utilize the franklinite ore at his forge 
at Charlottesburg, New Jersey, in 1770 and later at his 
Ogdensburg forge.  He is also reported to have sent several 
tons of the ore to England in 1772 in the belief that it 
was the red oxide of copper.  All these early attempts to 
smelt the ore were unsuccessful due to the unsuspected zinc 
and manganese. 
Scientific knowledge of the Franklin-Sterling Hill 
minerals began in 1810 when Archibald Bruce first identified 
and described zincite; he also recognized its abundance and 
value as an ore of zinc.  Bruce's description of zincite 
inspired the geologist, Maclure, to send to Europe speci- 
mens of zincite, some of which contained franklinite.  Some 
of the samples reached the French chemist, Berthier, in 
1819 who recognized the true nature of franklinite as an 
o x i d e   o f    i r n n ,    r. i n c ,    a rs d   n <i n a a n e *; e   .1 rs d    n «i rr.ec?    i t    .1 f tor    i t 1; 
p ! a c e   o f    c-rioir, , 
In 1816, !.-r. Samuel fowicr acouired the sineral-tMr- 
tri(! nr o n c r t y , a n d tog e t h e r with hi a   sen, C o 1 , 5 a n u c 1 " e w!c: 
who later inherited the oroperty, interested rrsanv lead 1 ng 
chemists and qeoloqists of the day in the minerals of the 
locality.  The Fowlers also attempted unsuccessfully to 
work the denosit commercially, although in 1830 they were 
able to prepare enough white oxide of zinc directly from 
zincite to make paint that was used on their house at 
Franklin.  It was not until several years later that ZnO, 
as a piqment for paint, was developed in Europe.  In 1838, 
at the Fowlers' suggestion, metallic zinc from their pro- 
perty was reduced on a small scale to make brass for a new 
set of standard weights and measures for the United States 
Government. 
In 1841, the New Jersey Zinc and Copper Mining and 
Manufacturing Company was chartered and by 1850, enough 
progress had been made to warrant the construction of a 
zinc-oxide plant at Newark, New Jersey.  Attempts to uti- 
lize franklinite as an ore of zinc were unsuccessful until 
1854 when roasting of franklinite to produce zinc oxide 
followed by smelting of the residue to produce mangani- 
ferous iron was accomplished at Franklin.  It was not un- 
til 1888 that both franklinite and willemite were utilized 
as a source of zinc. 
10 
A ■:: t ive r r o n n e c t i r, o A n d d e v e 1 o p r» e r. t of t h <• D r e n   b e ?i a r. 
i r. r. h e ! B •; ■" -' r,   a n A   c o r. t i r. u e t c the nrcnc r, t. • d a v .11 t h e 
!" tcrl 1 r.c H i 1 1 :i eroslt .  Tlve d e vo sits oria i rut 1 1 v were 
thought to be separate vein*; or bodies, rich in frank! i- 
nite and z incite, respectively; the riohts to these bodies 
were separately conveyed by 'the Fowlers.  This led. to a 
conn lex succession of mine ownership in the, middle and 
late 10th century and to continual litioation.  Expert 
witnesses in these trials included such leading geologists 
of the day as J. D. Dana, C. T. Jackson, Benjamin Sil.li.man, 
w. P. Blake, and William Kitchell. Finally, in 1897, the 
conflicting titles were united into the present New Jersey 
ZincCompany. 
11 
PREVIOUS INVESTIGATIONS 
The lonq period of t tr.o ci u rina w h i c h t he r r a n k 1 i r. a n d 
?t«*r!jna Mil! deposits have" been worked .erb races the -deve- 
lopment of r. ineraloqy and geology in the United States. 
Thus, the associated literature has historical as well as, 
scientific value.  Pa lache (193 5) oresented an annotated 
bibliography of 29? titles of scientific papers on Franklin 
and Sterlina Hill that cover the period l.B-Tb   to 1934. 
"rondel (1972) summarized an additional 160 papers that 
have appeared since.  However, most of the published works 
on the Franklin-Sterling ores deal with descriptions of 
individual minerals rather than the relationships of the 
minerals to their host rock (e.g. Frondel and Bauer, 1955; 
Hurlbut, 1961; Wilkerson, 1962; Frondel and Ito, 1966a, 
1966b; McSween, 1976). 
The first major description of the form, structure, 
composition, and geologic history of the ore deposits was 
by Spencer et al. (1908) in the Franklin Furnace Folio of 
the U. S. Geological Survey.  For the same publication, 
Palache compiled an annotated list of 91 mineral species 
which had been recognized in the district.  Ries and Bowen 
(1922) made the first petrographic study of the ore depos- 
its and discussed the origin of the zinc ores.  Additional 
descriptions of the geological setting of the deposits 
include those of Kemp (1893), Nason (1894), Spurr and Lewis 
12 
HOTS), Tarr ■■( 1(>2 9) , Palache f 1 9 3 5 ) , r'inaer ( 1 9 r> o ) , 
Vrtnrrcr et ai.  (1958), and Prondcl and Baun? (19745.  The 
qenoral oeoloav and structure of the region have been 
described bv Hague 'et al.  (lb56) and Baker and Buddinqton 
( 1.97 0) . " 
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GEOLOGIC SETTING 
?"h"e y r x n k 1: i r. - S t e r ! I n q d i s t r I c t i n 1 ocateri on t h e 
northwestern edge of the Hew Jersey Hiqhlands (Fiq. IV. 
Both the Franklin and Sterlinc Hill ore bodies occur in 
the Franklin marble which is a member of a series of 
Trecambrian ioneous and 'sedimentary rocks that was- in- 
tensely folded and reqionally metamorphosed to sill'i- 
manite-zone rank durinq late Precambrian time. 
The Precambrian Highland rocks are unconformably 
overlain by the Hardvston formation of early Cambrian 
acte and the Cambro-Ordovician Kittatinny formation.  The 
Hardvston formation consists of conglomerates, sandstones, 
and shaly or sandy dolomite, whereas the Kittatinny forma- 
tion is dominantly dolomite and subordinately shaly or 
sandy dolomite with a few beds of limestone near the top 
(Hague et al., 1956).  Late basic dikes in the area were 
perhaps intruded during late Silurian time (Frondel and 
Baum, 1974).  The local stratigraphic column is given in 
Table 1. 
4 0   3 9 
K-Ar and   Ar-  Ar incremental release ages determined 
from Grenville gneiss units of the northeastern Reading 
Prong range from 768 + 15 m.y. to 819 + 24 m.y. (average 
of 790 m.y.) for biotite and from 869 + 20 m.y. to 949 + 
24 m.y. (average of 900 m.y.) for hornblende (Dallmeyer et 
al., 1975).  These ages may represent a discrete Late- 
.14 
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Figure 1.  Geologic Map of the Franklin-Sterling Hill 
Area.  From Frondel and Baum (1974). 
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P r ecarsbr ian pptanorphisn as suqqestod by Lona and K.ulc 
il-^f-?).      Alternatively, these aae dates nay recreser.t the 
tine since post-",rftnvillc cool inc when temperatures drop- 
oed below those required for a r q c n retention in the min- 
erals dated {Dallmeyer e t a 1. , 1975). 
The Franklin ore body and possibly the Sterlinq Hill 
ore body were exposed during Lat e-Pr ecarnbr ian tine (Frondel 
and Baum, 1974).  This is suqqested by (1) the remnants of 
an oxidized zone which contains  limonite, hemimorohite, 
and other secondary minerals overlain by the basal Cambrian 
Hardvston formation in the northern part of the Franklin 
mine,and (2) the local occurrence of detrital franklinite 
in the Hardyston formation. 
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THE STERLING HILL ORE DEPOSIT 
GENERAL STRUCTURE 
The Sterli.no Hill ere bodv, w.h i c h is rained bv the- 
se w .Tersey Zinc Coaipany, lies near the eastern side of 
the Franklin marble belt, net far fron the "cro fault 
saoped by Spencer et al. (190B) which separates the Franklin 
'marble on the west from the Kittatinny formation on the 
east (F ig . 1 ) . 
The ore body, which to date is  developed to a depth 
of 746 m (2450 ft.), occupies a northeast trending iso- 
clinal syncline which dips 55  eastward (Fig. 2).  Its 
lon-ger east limb and shorter west limb are joined by a 
cross-member that is greatly thickened in its middle por- 
tion.  In outcrop, the west and east limbs are exposed 
for approximate distances of 210 and 480 m respectively. 
Near the middle of the west limb, the cross-member branches 
off and runs nearly parallel to the west limb for about 
120 m (Fig. 2); it then doubles back and forms an inter- 
mediate synclinal fold, the eastern leg of which eventually 
joins the east limb.  The ends of the two limbs, the keel 
of the syncline, and the thickened part of the cross-member 
all plunge 45° N70E. 
Structurally, the ore body consists of a complex 
series of attenuated isoclinal folds which modify the west 
limb of a larger, but. similarly attenuated isoclinal syn- 
18 
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Figure 2.  Geologic map of the Sterling Hill Ore Body, 
from Metsger et al. (1958).  Numbers refer to projections 
of sample locations.  See the following page for the legend 
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ZONES 
v> lincite band uter Zincite - f les h t. o red w i 1 - 
lenite and techroite, lincite, 
non-tnaqnetic franklinite, 1 i r?> e ■ 
stone. 
Central Zincite - similar to outer 
zone, but with magnetic frank- 
linite in eastern Dart. 
Black Willemite - black willetnite 
and tephroite, magnetic frank- 
lin i t e . 
Gneiss - pyroxene, feldspar, bio- 
tite, hornblende. 
F* Pyroxene - limestone, green and 
brown pyroxene, magnetic frank- 
linite, biotite, garnet. 
Franklinite - limestone and magne- 
tic franklinite. 
? Brown Willemite - brown to dark brown willemite and tephroite, magnetic franklinite, limestone 
20 
c ! l r. *:• i.Mctstjcr et a I . , 1 9 5 6 ) .  F x t r erac p 1 a s t i c d efor r. a *; i r» r. 
durincj f'oldir.q i's suqqcsted bv severe! v contorted bands o< 
ore, boudin structure, and. infolded wall rock.  Also, the 
ore body arrears to be much nore complexly folded than the 
surroun<iinq' marble. 
The ore body is enclosed in white coarsely crystalline 
marble which is banded with qrachite, aica, amphibole, 
pyroxene, microcline, scaoolite, and chondrodite.  The 
bands appear to conform to the complex folds of the ore 
layers (Pinqer, 1950),  Banding -in.the marble is also 
parallel to the foliation of the adjacent gneiss and has 
been attributed to bedding (Hague et al., 1956). 
Graphite is ubiquitous in the marble except in and 
near the ore, so that a graphite-free marble envelope 
surrounds the ore body.  Locally, large areas of the mar- 
ble have been dolomitized; these areas appear to be re- 
lated to faults, joints, and breccia zones (Metsger et al., 
19 58). 
MINERALOGY AND TEXTURE 
The principal ore minerals are franklinite, willemite, 
and zincite which are disseminated in fluorescent manganoan 
calcite.  The ore has a granular texture and ranges in 
grain size from 1-5 mm.  The proportion of calcite is highly 
variable and, consequently, there is a complete gradation 
from massive franklinite-willemite ore to ore composed of 
21 
" a I c ite v i t h small a m o unts of d i s s e r. i n a t e rt I f r a n k 1 i r. i t c a r, -:! 
other rir.erals. 
Hague e t a 1 .  (19 5 6.) estimated, the avcraqe cosrosjtion 
of the ore at Ster'linq Hill as 3 3 percent franklin ite, 16 
percent willemite, and 1 percent zincite, whereas they 
estimated the average composition of the Franklin ore as 
40 percent franklinite, 33 Dercent willemite,, and less than 
1 percent zincite.  However, these estimates are'not neces- 
sarily representative of the mineralogica1 composition of 
the deposits as a whole because they were based on ore 
which was selectively mined. 
Franklinite 
Franklinite is the most abundant ore mineral and occurs 
in both magnetic and non-magnetic varieties as follows: 
(1) octahedra and rude octahedra disseminated in calcite 
which.also contains disseminated willemite; the grain size 
of franklinite is 2 to 5 mm (Fig. 3),  (2) large, massive, 
calcite-free granular aggregates composed entirely of frank- 
linite up to 0.6 m in diameter,  (3) calcite-free aggregates 
of franklinite, willemite, and/or zincite up to 15 cm in 
diameter, (4) intergranular networks between subhedral 
willemite grains (franklinite is interstitial to willemite, 
Fig. 4), and (5) inclusions in willemite and tephroite. 
The occurrence of anhedral franklinite in contact with 
subhedral willemite (Fig. 4) perhaps reflects differences 
22 
Figure 3.  Photomacrograph of Salt-and-Pepper Texture 
of Franklinite and Willemite.  Reflected-light photomacro-' 
graph shows franklinite (F) and red willemite (W) in a 
salt-and-pepper texture disseminated in calcite (C). 
23 
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Figure 4.  Photomacrograph of Massive Texture of 
Franklinite and Willemite.  Photomacrograph shows the 
typical texture of much of the franklinite (F) and 
willemite (W) massive ore.  Note that some of the wil- 
lemite grains enclose linear trains of franklinite in- 
clusions.  Franklinite inclusions with diameters 1/6 
to 1/3 of that of the enclosing willemite grain can be 
seen in some of the willemite grains.  Transmitted 
polarized light, NJZ #2377 SW-4. 
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in. surface .tension, which is'a manifestation of differ- 
ence« in nu'rface free energy {star. tor., 1972). . The ae-'1 t ex- 
rural relationships Indicate that the surface free enercty 
of willemite is nuch greater than that of frar.klinite. • 
•"•n the other hand, the surface free energy of franklinite 
is greater than that of calcite (cf. Fio. 3). 
Two types of., franklinite inclusions occur in wi-1 lemit'e ' 
and tephroite.  The first consists of subhedral to euhedral 
grains of franklinite with diameters 1/6'to 1/3 of that of 
the enclosing willemite grain (Fig. 4).  The second con- 
sists of minute dust-like anhedral grains, rarely octahed- 
ral, that are'less than 10 microns in size.  The inclusions 
are localized along fractures and cleavage planes or may 
be uniformly distributed throughout the host grain with no 
apparent structural control (Fig. 5).  In some samples, 
the inclusions are concentrated along the grain boundary 
between two willemite grains (Fig. 6). 
Many of the franklinite grains are fractured and some 
are sheared along nearly parallel planes.  Willemite asso- 
ciated with such franklinite is not fractured.  The frac- 
tures in franklinite are commonly filled with calcite, 
although zincite, tephroite, willemite, and tephroite- 
willemite intergrowths occur as fracture-fillings in frank- 
1inite. 
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Figure 5.  Photomicrograph of Franklinite Inclusions 
in Willemite.  Photomicrograph shows linear arrays of 
franklinite inclusions (I) in a single grain of red wille- 
mite (W).  Randomly distributed franklinite inclusions 
occur between the linear arrays of inclusions.  Trans- 
mitted polarized light, NJZ #2436 DDH-261. 
26 
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Figure 6.  Photomicrograph of Franklinite Inclusions 
o.i» Willemite.  Photomicrograph shows franklinite inclusions 
(I) developed along grain boundaries in aggregates of black 
willemite (W).  Also present along the grain boundary is an 
unknown mineral (U), which is probably a member of the ser- 
pentine-group.  Note the random franklinite inclusions in 
the interior of the'willemite grain.  Reflected polarized 
light, sample 6-11. 
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G a h n i t e 
~ a h n i t o in intimately ■.associate d v i t h f r a n k I i n i t a 
f r or.   ore at or near the calc-sllicate C c y r o x e r. e - r i c h 5 ror- 
?. ions -o f the ore h o d v , especial I y in the east 1 is b .   I t 
occurs as oriented exsolution lamellae parallel to (1005 
of the host franklinite" (Ramdohr, 19 69).  Such inter- 
crow.ths from -Sterling Hill were described by frondel and 
Klein (1965), who also reported the occurrence of oriented 
interarowths of franklinite and hematite and franklinite 
and hetaerolite from the Franklin deposit. 
The fine, intimate, gahnite-franklinite intergrowths 
are quite reqular (Fig.-7 ) but, in places, show local 
coarsening (Fig. 8).  Gahnite also occurs as subhedral to 
euhedral inclusions in franklinite up to 30 microns in 
diameter which are commonly oriented in rows (Fig. 9). 
The observed maximum ratio of gahnite to franklinite is 
1:12. 
Willemite 
Willemite is the second most abundant ore mineral 
and occurs as subhedral to rounded grains 2 to 5 mm in 
diameter disseminated in marble with franklinite.  As 
noted above, calcite-free aggregates of willemite and 
franklinite 10 to 15 cm in diameter occur.  Willemite 
also occurs as breccia fillings in marble, secondary 
veins which cut the ore (Fig. 10), fracture-fillings in 
28 
Figure 7.  photomicrograph of Gahnite-Franklinite 
Ihtergrowth.  Photomicrograph shows an intimate, regular 
intergrowth of gahnite (dark phase) and franklinite 
(light phase).  Note the uniformity of the intergrowth. 
Reflected polarized light, oil immersion, sample 3-2. 
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Figure 8.  Photomicrograph"of Gahnite-Franklinite 
Intergrowth.  Photomicrograph shows an intimate intergrowth 
of gahnite (dark phase) and franklinite (light phase). 
Note coarsening of portions of the intergrowth.  Reflected 
polarized light, oil immersion, sample 3-5. 
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Figure 9.  Photomicrograph of Gahnite-Franklinite 
Intergrowth.  Photomicrograph shows gahhite inclusions (G) 
in franklinite (F).  The shape of the larger gahnite in- 
clusions suggests an epitaxial relationship between the 
gahnite and the franklinite.  Note the relative absence of 
the smaller inclusions in the vicinity of the larger inclu- 
sions.  Reflected polarized light, oil immersion, sample 
4-7. 
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Figure 10.  Specimen Current Image of Willemite Vein. 
Specimen current image obtained with the electron micro- 
probe shows a vein of red willemite (W) between franklinite 
(F) and zincite (Z).  Sample 4-11. 
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f r a n >: 1 i r. i r. c , and as linings of minute vuqs in the or t» 
{n i eu and Boven, 1 <:> 2 2 ) . 
Willemite occurs in four color.'?, viz., red, brown, 
black, and qreen.  The q r e e n variety is dominant at 
Franklin, whereas at Sterling Hill, the rod variety is 
dominant and the black variety is subordinate with about 
one-third of the, total willenite beinq black (Metsger et 
al., 1958),  Irrespective of its apoearance in hand speci- 
men, willemite is colorless in thin section.  The red and 
black color of willemite appears to be due to the nature 
and size distribution of minute dust-like tranklinite 
inclusions as described above (Metsger et al., 1958); black 
willemite contains opaque inclusions and red willemite con- 
tains thin translucent franklinite inclusions which are 
red.  A brown variety of willemite apparently contains 
both opaque and translucent (red) inclusions of franklinite 
Also associated with the franklinite inclusions1 are rod- 
like transparent inclusions which were tentatively identi- 
fied by Metsger et al.  (1958) as members of the serpentine 
group and friedelite. 
Tephroite 
Tephroite closely resembles willemite in color, mor- 
phology, and occurrence; in places tephroite appears 
locally to the exclusion of willemite.  Tephroite commonly 
occurs as a rim-like partial replacement of individual 
33 
will e isito a r a i r. s f F ics. 11 and 12).  Scrpe n t i n i z atio n o f . 
t <■» n h r o i t t-   h a n   a 1 s o been observed I F i a . 13); a s i n will e - 
site, the tephroite is full of   tiny d u s t - 1. i k e inclusions 
of franklinite which probably account for .the color vari- 
ations observed with the unaided eye.  Teohroite also 
occurs in close association with zincite. 
Zincite 
Zincite occurs as irregular grains and granular ag- 
gregates.  It rarely shows crystal outlines and is sparsely 
disseminated in calcite with the other more abundant ore 
minerals (Fig. 14).  The zincite is finer-grained than the 
franklinite and willemite and ranges in size from 1 to 
5 mm.  Rarely, zincite appears in massive irregular granu- 
lar aggregates with franklinite or as fracture-fillings in 
franklinite.  Zincite is also intergrown with willemite 
and tephroite.  Minute lamellae of hausmannite or manganor 
site (Fig. 15) parallel to (0001) are common in zincite 
grains (Ramdohr, 1969). 
INTERNAL STRUCTURE AND MINERAL ZONATION 
The internal structure of the Sterling Hill ore body 
is very complex due to folding, faulting, and plastic flow. 
The ore zone is composed of discontinuous tabular or lens- 
like bands arranged parallel to the walls of the ore body. 
A   gneissic layering due to variable concentrations of 
34 
Figure 11.  Photomicrograph of Tephroite Replacing 
Willemite.  Photomicrograph shows red willemite (W) 
partly replaced by aggregates of tephroite (T).  Frank- 
linite (F) is also present.  Transmitted polarized light, 
NJZ #2428 DDH-261 47'. 
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Figure 12.  Photomicrograph of Tephroite Replacing 
Willemite.  Photomicrograph shows tephroite (T) replacing 
red willemite (W) in a detailed view of Figure 13.  Trans- 
mitted polarized light, NJZ #2428 DDH-261 47'. 
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Figure 13.  Photomicrograph of Serpentinized 
Tephroite.  Photomicrograph shows tephroite (T) partly 
replaced by serpentine (S).  Calcite (C), mica (M), 
and opaque minerals (0) are also present.  The opaque 
minerals may be manganese-bearing spinels formed during 
the serpentinization of tephroite.  Transmitted polar- 
ized light, NJZ #2422 DDH-261 37'. 
37 
Figure 14.  Photomacrograph of Texture of Zincite- 
Bearing Ore.  Reflected-light photomacrograph shows the 
texture typical of the zincite-bearing ore.  Franklinite 
(F), zincite (Z), and calcite (C) are present.  Willemite 
is locally absent although it is present in most of the 
zincite-bearing ore. 
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Figure 15.  Photomicrograph of Intergrowth in Zincite. 
Photomicrograph shows lamellae of manganosite or hausman- 
nite (I) in zincite (Z) oriented parallel to (0001) of 
zincite.  Reflected polarized light, oil immersion, sample 
5-4. 
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franklinite, uiller.ite, and less conr.only, zincito with 
Adcixec! calcitc in. layer r? 1 to 10 ran thick is present ex- 
c opt in the vcry massive ore.  The o re la ye r s   pin c h an d 
swell alono their lencjth and   the relative proportions of 
franklinite, willemite, zincite, and calcite 'arc highly 
variable.  The contact between thc.ore.20ne and the 
country rock is generally sharp, a 1though , in some-pi aces, 
sparsely disseminated franklinite and rarely willemite 
persist across the contact. 
The ore body is zoned mineralogica1ly with respect 
to black, brown, and red willemite, franklinite, and zin- 
cite, but due to the structural complexity, the relation- 
ships of the various zones to each other are not well 
understood (Fig. 2).  The zones as defined by Metsger et 
al.  (1958) are as follows: 
1. Outer Zincite Zone.  The outer zincite zone 
occurs along the east and west limbs of the ore body. 
The ore consists of variable proportions of non-magnetic 
franklinite, red willemite, tephroite, and sparse to abun- 
dant zincite disseminated in calcite.  Massive as well as 
gnqissic varieties of ore are also present.  Within 0.3 m 
from the hanging wall contact in the east limb and the 
footwall contact in the west limb is an intensely con- 
torted zincite-rich band 10 to 30 cm thick. 
2. Central Zincite Zone.  The central zincite zorie 
40 
occupies the western h a 1 f of t h e c r o ?s «■> -R,CR b c r a n cJ i«i cori- 
t i n u o u s v i t h the cuter "incite zone.   It i s t o xtur.il 1 v a nd 
tssncraloqicall v identical wit h t h c outer iincit e z one al- 
though the 7. i nc i t c band in the outer zone has not been 
t r a c e d into the cent ral lone. 
3. Black Willemite Zone.  The black willemite zone 
is located in the eastern half of the thickened part- of 
the cross-member.  It also occurs at the north end of the 
west limb and can be traced via a + 7 cm-thick band parallel 
to the west limb to another thick mass at the junction with 
the cross-member.  From here it again thins to + 7 cm and 
can be traced to another thick mass north of the thick part 
of the central zincite zone.  Mineralogically, the ore con- 
sists of jet black to grey willemite and magnetic frank- 
linite disseminated in calcite (no zincite is present), 
although massive forms of this variety of ore do occur. 
The associated tephroite is also black. 
4. Brown Willemite Zone.  The brown willemite >zone 
is located in the eastern part of. the cross-member where 
the black willemite ore thins and grades into a dark-brown 
to red-brown willemite-bearing ore which contains magnetic 
franklinite but no zincite.  Texturally, the ore is similar 
to that described above.  Brown willemite ore also occurs 
as lenses parallel to the footwall of the east limb; it is 
uncertain if these lenses are connected by thin, low-grade 
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b a n ■;! R with ore of the cross-nenbcr ." 
5,  Franklinite Tone.,  Th^o franklirite 7.'one is lo- ■ 
catcd in the east iir.b near the keel of the ore body.   It 
■ i s' "composed of nacrnetic, low-zinc f rankl ini t:e sparsely 
disseminated in calcite. 
f- .      Pyroxene % o n e .  The ovroxene zone occupies.a 
cylindrical yolurne between the ore and the gneiss zone. 
Another pyroxene zone, minera logica11y and texturally 
equivalent to the first, extends northward from the thick- 
ened portion of the cross-member beneath the footwall of 
the east limb and pinches out near the northern end of 
that limb.  The zones are composed of fluorescent calcite, 
green diopsidic pyroxene, brown augitic pyroxene, low-zinc 
magnetic franklinite, biotite, and sparse garnet distri- 
buted in bands quite similar to the other banded disse- 
minated ore. 
1 , 
7. Gneiss Zone.  The gneiss zone consists of pyroxene- 
and/or-hornblende-feldspar-mica gneiss locally intruded by " 
pegmatite.  It is located between the pyroxene zone and the 
central core of the ore body. 
8. Calamine Mud Zone.  The calamine mud zone occupies 
part of the marble core of the ore body, as well as parts 
of the surrounding gneiss and pyroxene zones.  This zone 
is a huge cavity filled with mud which contains hemimor- 
phite, goethite, kaolinite, sericite, and nontronite.  The 
mud appears to be partly residual and partly transported. 
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DESCRIPTION OF SAMPLE LOCATION'S 
A 1, 1 - n ancles w ere collected dun n a   the rcrl o d   ^ u r. e 
1 •>? 5- De c ciabcr I'"'7 5.  The sansples were collected a-n as to 
enhancc the oossibilitv of lateral correlations talona 
strike) as well as across the strike.  However, it was 
not possible to identify unequivocally exactly equiva- 
lent bands of. ore in different sample localities with 
the exception of samples collected from the zincite hand 
and from certain black willemite bands which have been 
traced from one part of the ore body to another. 
The sample locations of Series No. 2 and Series No. 
7 were chosen to permit lateral correlations within the 
west limb; the sample locations of Series No. 4 and Series 
No. 5 were chosen to permit lateral correlations within 
the east limb.  The sample locations of Series No. 1, 
Series No. 3, and Series No. 6 were chosen to be repre- 
sentative of black willemite ore, calc-silicate gneiss, 
and cross-member ore, respectively.  Projections of the 
sample locations on the geological map of the ore body 
are shown on Figure 2. 
SAMPLE LOCATION OF SERIES NO. 1 
The sample location of Series No. 1 is located 4.5m 
(15 feet) above the 104 m (340 foot) level (north end of 
the manway, north end of the 800 longitudinal stope) at 
the north end or nose of the west limb in the black 
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will c n l t e r. o r. e { '" S a . T )  .  T h e o r « a *.    t h i n 1 c cari o n c c n - 
11 s t K of octahedra of" natjnetic f rar.kl ihit'c 'and rnunderi 
f 1 u o r e «> c e n t a rains of }:• lack willcsi i to, rnnui n a    i n «t i z <*■ 
frcn 2 to - nr., disseminated' in a nnn f 1 uor e s con *: calcito' 
r. a t. r i x .   "ranulat acjqrecates of frankl inite and black 
willemite UD to 20 an in size which contain little or' 
no .cal.c.ite also occur as. nods - in ■ the disseminated ore. 
In these aqgreqates, the wi-llemite qrains are subhedral 
while the franklinite occurs as anhedral interstitial 
fillings (Piq. 4).  This results in a texture composed 
of a network of franklinite enclosing rounded willemite 
qrains.  Irregular fractures filled with fluorescent 
willemite cut the ore.  Only one sample, 1-la, was ana- 
lyzed from this location. 
SAMPLE LOCATION OF SERIES NO. 2 
The sample location of Series No. 2 is located 4.5 m 
(15 feet) above the 104 m (340 foot) level, 800 longitu- 
dinal stope, footwall of the west limb near the flexure 
in the outer zincite zone (Figs. 2 and 16). <>At the 
footwall, the ore consists of a layer (Fig. 16, Zone 2) 
30-cm thick composed of octahedra and rude octahedra of 
nonmagnetic franklinite and subhedral red willemite 
grains ranging in size from 1 to 5 mm, disseminated in 
calcite which is not fluorescent (sample 2-lb).  The 
footwall contact is sharp in most places, although 
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Figure 16.  Sketch of the Sample Location of Series No. 
2.  Diagrammatic vertical section shows the sample location 
of Series No. 2, facing west.  Refer to the text for descrip 
tions of zones 1 to 5.  Note boudins of the zincite band 
(zone 3) torn from the main zincite band.  Samples 2-lb, 2- 
">b, 2-3b, 2-4b, 2-6, 2-5, and 2-7 are located 0, 0.6, 0.9, 
.2, 2.8, 3.6, and 3.6 m from the footwall, respectively. 
= franklinite, z = zincite, w = willemite, t = tephroite, 
2b 
1 
f 
and = calcite. 
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A n t h e   h A n q i n q v all i s a rrroached, f r a n k i ini t e A r. d 
wi 1 !cni t e d e c reasc 1 n .1 h u r. d a r. c e u n t i 1 •,.• i 1 lecite d 1 <; annear r< 
c o r. n 1 e t e 1 v .urmxinatelv "jl . C m from the foo t w a 11.  T h ere 
t he rock i F i q . .1 r~ , "one 5) consists of nacnetic frar. klinito 
snarselv disseminated in caicite with, in places, a trace 
of qrev willemite (sample 2-5).  Massive maqnetic frank- 
linite angreaates, up to .0, f>   m in diameter (sample 2-7) 
are also oresent.  Near the large franklinite aggregates, 
the caicite is free of the soarsely disseminated frank- 
linite grains that are characteristic of this part of the 
deposit.  Inasmuch as this rock is no longer considered to 
be of ore grade, additional material in the direction of 
the hanging wall was not exposed. 
SAMPLE LOCATION OF SERIES NO. 3 
The sample location of Series No. 3 is located 4.5 m 
(15 feet) above the 131 m (430 foot) level (north end of 
the 1080 stope) in the pyroxene zone at the north end of 
the cross-member (Fig. 2).  The ore zone consists of a 
layer 3 m thick of magnetic franklinite and brown willemite 
disseminated in caicite and is similar in texture to the 
samples from Series No. 2. 
Above and below this layer are pyroxene-bearing 
layers composed of fluorescent caicite, diopside, augite, 
magnetic franklinite, relatively rare garnet, and loel- 
lingite.  The minerals of the pyroxene-bearing rocks are 
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»5 e n r e <■? a t e d : v.   V .1 r, d n a n d h a v e .1 texture P I rs 1 1. a r t o t h « 
h .1 ft d c d d i R B e ™ : n <i 11? d ore,   !■ I 1 i r> s r- i -d a 1 a note o <i t c *:; o f 
f r a n '*: 1 i r-; 11 e ■' a rr! rjree r. n v roxene a r> r> r o x 1 r ate! v ! , 5 t. o 2 c r. 
in di.iff.cter occur in the pyroxene layer.  One sample, 
1 - 5 , ■ w a s a n a 1 v 7. e d fron the calc-silicate zone. 
SAMPLE LOCATION OF SERIES NO. 4 , 
The samD.1 e location of Series No. 4 is located .6.1 m 
(20 feet) below the 183 m(600 foot) level (middle of the 
935 stope at annroximate 1 v 1160 N) in the middle of. the 
east limb in the outer zincite zone (Pias. 2 and 17).  The 
footwall at this location is represented by rocks of the 
calc-silicate zone (Fig. 17, Zone 1), of which a layer 0.6 
m thick is exposed.  These rocks consist of variable 
amounts of calcite, pyroxene, mica (perhaps hendricksite), 
franklinite, rhodonite, and red willemite.  The rhodonite 
and willemite cofflinonly consist of massive aggregates; 
willemite is common as fracture-fillings in the rock. 
Manv joint surfaces show slickensides.  Blocks up to 1.5 
m thick of pyrite-bearing amphibolite, in places rtimmed 
with mica, are present. 
The contact between the ore zone and the calc-sili- 
cate zone is located approximately 0.6 m above the base 
of the exposed footwall section.  The contact is grada- 
tional and is characterized by increasing amounts of 
disseminated red willemite grains which occur-at the 
47 
N_ TO H.W. S 
zone 6 c  f z w t      4*15 
zone 5 c f w t 411 
e"n> T 4.13 
   £_J ■ 4*12 
zone 2 c f w t */*« 
zone 1 c f w rh 
FT. W, 
0 100 
L- I 
cm 
Figure 17.  Sketch of the Sample Location of Series No. 
Diagrammatic vertical section shows the sample location 
eries No. 4, facing east.  For descriptions of zones 1 
to 6, refer to the text.  Samples 4-16, 4-7, 4-12, 4-13, 4- 
11, and 4-15 are located 60, 75, 82, 90, 120, and 170 cm 
from the footwall, respectively.  f = franklinite, z = zinc- 
ite, w = willemite, t = tephroite, an4 c = calcite. 
4. 
of 
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1 r> c a 1 I v , vi'.loisi t e a nd / or frar. klinit e i r; rrts c n t be 1 o v t h c 
cor. tact; t,h i rs results ir. <i oradatior.al zone anrroxinately 
"s to 5 en thick.  The calcite i r> r 1 uor e seen t to about. 20 
cm below the contact f r i <j , 16, Zone 1) ; at qreater dis- 
tances below the contact it is not fluorescent. 
Enclosed within the disseminated ore is a zincite- 
bearinq layer (Fig.. 16, Zone... 3 ) up to-0.6* thick that 
oinches and swells alone? its exposed lenqth.  Some oarts 
of the zincite band have been intensely folded; in other 
places, isolated boudins of the zincite band occur.  The 
zincite band consists of octahedra of franklinite, sub- 
hedral grains of red to flesh-colored willemite, and an- 
hedral zincite grains disseminated through calcite (sam- 
ple 2-2b).  The grain size of franklinite, willemite, and. 
zincite is 1 to 5 mm.  Massive aggregates up to 5 cm in 
diameter of franklinite and zincite (dominantly franklinite), 
with little or no calcite, occur in places. 
The ore. above the zincite-rich band is similar to the 
ore which is contiguous with the footwall contact (Fig. 16, 
Zone 4).  It consists of franklinite and red willemite 
disseminated in calcite (samples 2-3b and 2-4b).  Rounded 
grains of tephroite, 1 to 5 mm in diameter, occur locally 
to the exclusion of willemite (sample 2-6).  Granular 
aggregates of franklinite and willemite up to 15 cm in 
maximum dimension occur which are free of calcite; they 
are more abundant as the zincite band is approached. 
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expense of rhodonite.  Direct.lv above the contact is a 
band "; . 2 5 j cm thick {Fie. I ~> ,    Zone 2 )    composed of p.or.- 
magnetic frar.kl inite, red willcaite, and tephroite d i a - 
senlnatcd. in calcite with a texture quite similar 'to the 
ore of Series N'o. 2.  Calcite-free granular masses up to 
3 cvs.   in size comnosed solely of franklinite or of frank- 
i.inite , wi 1 letnit e , and teohroite occur in this zone. 
Samples 4-16, 4-7, and 4-12 are from the base, middle, 
and top of this section, respectively (Fiq. 17) . 
Above the disseminated ore is a band 15 cm thick 
comnosed of calcite, disseminated nonmaqnetic franklinite, 
and 1 to 3 cm aqqregates of massive franklinite with very 
little or no willemite and tephroite (Fiq. 17, Zone 3). 
This layer grades upward into a band 10 cm thick (Fig. 17, 
Zone 4) which is similar to the disseminated ore below 
the franklinite-calcite band except that it contains dis- 
seminated zincite as 1 ito 3 mm anhedral grains (sample 
4-13).  This, in turn, is overlain by an identical section 
approximately 0.25 cm thick which contains no zincite 
(Fig. 17, Zone 5) . 
Closer to the hanging wall (not exposed at this loca- 
tion) the ore consists of franklinite, zincite, red wil- 
lemite, and tephroite disseminated in calcite (Fig. 17, 
Zone 6) and is somewhat similar in appearance and texture 
to ore from the zincite band at the sample location of 
Series No. 2.  However, the ore here has a more massive 
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<i p pert ranee due to ( 1 ) the 1 a r a e r qrair. s i z e ' o f lincite 
and franklinite (which ranee up to 5 tnrn), and (Is) a smaller 
nror>ortion of era lei te.  Vapsive aonreqates of frank linitc 
and 2i n c i t e or of franklinite and willenite,like those 
at the Series No. 2 sample location, do not occur-"in this 
section. 
The ore at this sample location is exceedingly vari- 
able across the layering.  Large vertical variations in 
the amounts of franklinite and willemite occur on the 
scale of a few centimeters so that it is difficult to 
characterize the ore in other than general terms. 
SAMPLE LOCATION OF SERIES NO. 5 
The sample location of Series No. 5 is located 9.1 m 
(30 feet) below the 183 m (600 foot) lev£l (north end of 
the 935 stope at 1200 N) in the middle of the east limb 
in the outer zincite zone (Figs. 2 and 18) .  Calc-silicate, 
amphibolite, and pyroxene-bearing blocks that character- 
ized the footwall of the Series No. 4 sample"location are 
'absent from this sample location. 
At the hanging wall, the ore (Fig. 18, Zone 2) con- 
sists of a layer 25 cm thick of franklinite, red willemite, 
and tephroite disseminated in fluorescent calcite (sample 
5-1).  The ore is identical in texture and appearance to 
ore from the contact at the sample location of Series No. 
2 although here the grain size of the franklinite is as 
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Trcit an 5 rr.rr. .  The contact is, in most nlac'e.s; sharp, but 
locally willcsite ..and tephroite srar.selv disseminated ir. 
calcito RAke for a qradational contact 3 to 5 c n   w i de. 
Barren fluorescent calcite occurs below the contact. (Fia. 
1 8 , rone 1) . 
"one 1 is overlain by a zincite-bearino band of 
i 
variable thickness which has a ■maximum thickness of 2 m 
( P i q . 18, Zone 3).  The ore consists of rude octahedra of 
franklinite up to 5 mm in diameter surrounded by irregu- 
larly shaped orains of zincite disseminated in a calcite 
matrix (sample 5-3).  In some places the ore consists of 
massive granular aggregates of franklinite and zincite 
free of calcite.  Small amounts of tephroite and willemite 
are dispersed through the disseminated ore. 
The proportion of tenhroite and willemite increases 
at the expense of zincite with increasing distance from 
the base of the zincite band until the ore (Fig. 18, Zone 
4) consists of franklinite, willemite, arid tephroite with 
scattered irregular grains of zincite (samples 5-4, 5-5, 
5-6, and 5-7).  This is accompanied by a slight reduction 
in the grain size of the franklinite, from 5 mm to 1 to 3 
mm. 
SAMPLE LOCATION OF SERIES NO. 6 
The sample location of Series No. 6 is located on the 
183 m (600 foot) level (entrance to the 1140 crosscut at 
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1 1 4'~ "; J in the cross-rer.ber tries. 2 and 19) .  The cross- 
cu t c on sistn f r o n west to east of a richly ~inorali*cd 
 zone (r i c. 19, Tlone 1} 9 m   thick followed by a poorly 
ninerali~ed zc-ne    (Fiq. 19, Zone 2 } 3 r. t h i c k w h i c IT, , i n 
turn, is followed by the main zone of   ore 3? p. thick (Fiq. 
19, "one 3),  The total thickness of the ore zone is 
appr oxirr.a te ly ■ 50 m. 
Due to the structural complexity (folding, possible 
repetition of layers of ore) and length of the crosscut, 
a complete suite of samples was not collected.  Rather, 
representative samples and selected samples from critical 
areas were collected for study. 
Along the footwall of the first ore zone (Fig. 19, 
Zone 1) is a very thin band 5 to 10 cm thick (Fig. 19, 
Zone 1, band A) of black willemite ore (sample 6-1).  The 
band consists of grains of magnetic franklinite and black 
willemite, ranging in size from 1 to 3 mm, disseminated in 
fluorescent calcite.  The franklinite and willemite are 
more sparsely disseminated in the calcite from this sample 
location than from the sample location of Series Mo. 1. 
Toward the east, the black willemite ore grades into 
ore which consists of dark-brown to red-brown willemite 
and franklinite disseminated in fluorescent calcite (Fig. 
19, Zone 1, band B).  The franklinite is magnetic and the 
ore is texturally similar to the black willemite ore and 
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n ther d x s r* e r, i r. a t e d ore d e s c r i b o d a I? o v e .  Sar.plc f• - 2 , 
locate d n.6 n f r o r. the foctwall, is    representative 'Of t h e 
brovr, vUlcnitc ore, 
?>arsple 6-d, 4 . S meters froa the footwali, is fros a 
band (Fig. 19, Zone 1, band C) composed of tisaanetic frank- 
lin i t e and tephroite disseminated in calcite.  However, 
this material is unusual because- itcontains iet-black 
tephroite and no willemite. 
Sample 6-4, 5 m from the footwali, is representative 
of the qneissic variety of ore (Fiq. 19, Zone 1, band D). 
This variety is composed of layered segregations of frank- 
linite, red willemite, and teohroite in the marble.  The 
thickness of the layers is 3 to 5 mm and the grain size is 
1 to 3 mm.  The prismatic willemite grains are oriented 
parallel to the layering (Metsger et al., 1958). 
Sample 6-5 (9 m from1the footwali) consists of mag- 
netic frjanklinite disseminated in nonfluorescent calcite; 
it does not contain either tephroite or willemite (Fig. 
19, Zone 1, band E).  The ore is similar to the Series 
No. 2 samples which consist of disseminated franklinite 
in calcite,although here, the grain size is considerably 
larger (5 to 30 mm).  Larger, more massive, granular 
aggregates of franklinite 5 too 10 cm in diameter are 
also present. 
Sample 6-8 (21 m from the footwali) is composed of 
non-magnetic franklinite and red willemite idisseminated 
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i r. c a i c ire.  T h i n   s a n r- lc, froa the ..p. air. c r <* ;cne f ?' i q . S ;>, 
Zone ? , b a r. d K) , in norc n A S S i v e t hi a n t h e t •»• r. i c a 1 & i s «; <t ™ i n - 
atetS or o b e c a u s e i t c o n t ains a snallcr nroportio n of cal- 
cite. 
Sample 6-11 is also from the main ore zone (Fis. 19, 
I'or.e 3, band G) and .is located anproximatelv 50 rn .from the 
! 
footwall.  It is massive ore composed of naanetic frank- 
linite and black willemite and contains very little calcite. 
The texture and appearance is virtually identical with the 
frank 1inite-black willemite aggregates described from the 
sample location of Series No. 1, namely, subhedral grains 
of black willemite with interstitial fillings of franklinite 
SAMPLE LOCATION OF SERIES NO. 7 
The sample location of Series No. 7 is located on the 
55, m (180 foot) level (800 stope, footwall drift, 920 N to 
1570 W) of the west limb in the outer zincite zone.  The 
walls of the stope were covered with mine dust so the re- 
lationships between the various bands could not be seen. 
Specimens were taken at measured distances from the hanging 
wall. 
At the hanging wall is a thin band composed of black 
willemite and magnetic franklinite disseminated in calcite 
(sample 7-1) that is similar in texture to the black wille- 
mite band along the hanging wall at the sample location of 
Series No. 6. 
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?■ anv 1 e / - ? ,    located 1   m f ror the hanqintr vn 1 1 , con- 
sist "> o f r. on*n a q. r,et ic franklinite and red wi i len it c w i t h 
scattere d :. incite disseminated in fluorescent c a 1 c i t e .   In 
addition, ca lei to-free aqq'reaatcs of franklinite, red wil- 
2 e site, and z incite un to 5.. era in diameter occur .s co radic- 
al lv.  The appearance of this material is very sin.ilar to 
the material located above the sincite band at the Series 
No. 2 sample location. 
Sample 7-3 (4.8 tn from the hanqinq wall) is identical 
to sample 7-2 except that it also contains tephroite.  In 
general, it is more massive because it contains a smaller 
proportion of calcite. 
Sample'7-4 (6.3 m from the hanging wall) is also 
similar to sample 7-2 and consists of non-magnetic frank- 
linite and red willemite disseminated in calcite.  Sample 
7-5 (7.8 m from the hanging wall) is representative of the 
type of ore which contains disseminated brown willemite 
and magnetic franklinite and is very similar to sample 6-2 
Sample 7-6/ located 10 m from the hanging wall is repre- 
sentative of the type of ore which contains disseminated 
magnetic franklinite and black willemite. 
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ANALYTICAL METHODS 
OPTICAL MICROSCOPY 
All samples were studied bv standard net hods of optical 
microscopy usinq reflected polarised light o r i o r to electron 
microDrobe analvsis.  In addition, a suite of thin sections 
representative of the "samples collected was acquired from 
the New Jersey 7-inc Company and studied by standard petro- 
craphic methods using transmitted polarized light. 
INTRAGRANULAR AND INTERGRANULAR HOMOGENEITY 
This paper includes a study of the intragranular and 
intergranular chemical homogeneity of franklinite using the 
homogeneity criteria of Buseck and Goldstein (1969) and 
Boyd and Finger (1975), respectively.  The theory, applica- 
tion, and results will be found below in the section on 
franklinite. 
ELECTRON MICROPROBE ANALYSIS 
Methods and Standards 
Franklinite, willemite, zincite, and associated min- 
erals were analyzed for Fe, Zn, Mn, Al, Si, and Mg with an 
ARL electron microprobe using an accelerating voltage of 
15 KV and a sample current of 0.05 microamperes.  Counting 
times were ten seconds.  Standards used were (1) pure mag- 
netite (chemically analyzed for iron) from magnetic taco- 
nite, East Mesabi Range, Minnesota,  (2) synthetic ZnO 
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(•single crystal of hitjh purity),  { ?. ) ilrenite fror. the 
•It-en "curtains, '' . F . f . P .  f'.F. National "uscun No. 9£lfi9) 
w h i c h contain <t 3 .67 vt, % V. n b v wet chenical analysis,  f '*« ) 
fused S i 0  glass, and ( 5) synthetic M g A 1^0 . (sinole crys- 
ta 1 of hiqh nurity) .  All raw analytical data were cor- 
rected for absorption, atonic number, and fluorescence 
effects by means of the Empadr VII computer program- of 
Ruckledqeand Oasnarrini (1969). 
Analytical Precision 
In evaluating analyses obtained with the electron 
microprobe, it is desirable to know the precision of the 
measurements.  This concerns the ability to distinguish for 
a given element between two compositions C and C', where C 
and C' are nearly equal.  Inasmuch as x-ray production is a 
statistical process, mean x-ray counts for both compositions, 
N and N', will have a similar statistical variation.  Gold- 
stein and Colby (1975) have shown that the two values (N 
and N') are significantly different at a degree of confid- 
ence 1-^, if 
N-N' >V2(t1_fl()o /n 
n-1 
AC = C-C >-v/"2C (t1-<*) a 
-  V     n-1  < 
(1) 
(2) 
Y^"(N-NB) 
in which C is the composition of one element in the sample 
(weight percent), N and N  are the average number of x-ray 
B 
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r. o u r.ts of the olescnt of interest a r, d   t V, c c o n t inuun b a c V, - 
1 -d^ ■q i o u n d of the sar.plc, resoectivelv, t *    is t h o " s t u d ent * s 
'    n - 1 
factor dependent or. the confidence level l~dt    n    is the nys 
her of repetitions, and •-  in the standard deviation of 
x - r a v counts {c  ' =V N' under ideal conditions).  The nrcci- 
c 
aion for a 95% deqree of confidence has been approximated 
bv Ziobold (1969): 
2.33Co 
d.C = C-C '    > (3) 
~-Jn(U-N   ) 
Tf N is much larger than N , equation (3) can be re- 
B 
written as 
AC = C-C > 2.33C :4) 
VnN 
and the analytical sensitivity in percent that can be 
achieved is 
AC     _ 2.33 x (100) (5) 
C "VnN 
As ideal operating conditions are rarely realized, the ac- 
tual standard deviation is usually twice a   ; in practice 
c 
AC is approximately twice that given in equation 5. 
Analytical precision will thus be dependent on (1) the 
accumulated number of counts and (2) the concentration of 
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the ci«ncr,!  i r, the *;arrle, ar.ci will r.ccpssnrily • ■■&'*> diffe: 
en; for. .the r»ar-o ei orient in different Kinerals.  The ana 
t i c a I   c r e c" i s i o n , or error, war. calculate d / i r, t h e r, a n r, e r 
o u t 1 i r. e d a b c v e and the results are presented i n T a b 1 e ? . 
Replicate analyses performed on' sancles are in aqreener.t 
with the calculated precision. 
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TABLE 2.  ANALYTICAL PRECISION 
Fe203 FeO EnO MnO A1203  Si02 HgO 
Frank Unite 0.0 - 0.7 0.3 0.1 0.1 
Willemite - 0.1 1.3 0.2 0.1   0.4 0.1 
Zincite - 0.1 1.6 0.1 , 0.1 0.1 
Tephrolto - 0.1 0.4 0.5 0.4 0.2 
Gahnlte - 0.3 0.7 0.1 0.3 0.1 
Calcite - 0.1 0.1 0.4 0.2 0.1 
Note: All number s are expressed as i weight percent 
oxide error e.g. the error associated with Fe2C>3 analyses 
of franklinite is +_ 0.8 weight percent Fe203. Iron is 
expressed either as Fe203 (for franklinite analyses) or 
FeO (for other analyses). - indicates not applicable and 
.. indicates not detected. 
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MIKFPAL CHKMIR7PY A ?!£:■ C OH P Of. I T I ONA I. VARIATinj; 
PP AN'K !.I!:i?F 
F. 1 c c t r on mi c r o pro b c a na 1 v s e r. of the average f r ft n k -, 
Unite composition of each sasplc are qiven in Table 3. 
These analyses, recalculated in terns of the atomic p rp por- 
tions of iron, zinc, and manaanese, are displayed graphic- 
ally in Figure 20.  iron and manganese are arbitrarilv 
expressed as Fe.O. and MnO, resoectivelv.  Because the 
valence states of iron and manganese are not known, the 
analyses cannot be expressed in the form of the general 
+ 2 + 2 +2 +3     +3 
spinel formula (Zn  , Mn  , Fe  )(Fe  , Mn  ) 0..  Vir- 
tually all of the analyses are in the range of franklinite 
.+2      +2       +2     ^   +3      +3, (Zn   > Fe   or Mn  , and Fe   > Mn  ) , although frank- 
linite from sample 3-5 (Table 3, no. 9) may be considered 
+2      +2        +2 +3      +3 
to be magnetite (Fe   > Zn   and Mn  , and Fe   > Mn  ). 
The FeO and Fe_0  values reported in Table 3 are 
based on an indirect attempt to ascertain the amount of 
ferric and 'ferrous iron in the franklinite.  The number of 
cations per unit cell of franklinite (based on 32 oxygen 
atoms) was calculated as follows:   (1) zinc was assigned 
to the tetrahedral site, (2) manganese was assumed to be 
divalent and was assigned to the tetrahedral site,  (3) 
aluminum was assigned to the octahedral site along with 
just enough iron, expressed as ferric iron, to completely 
fill that site, and (4) the remaining iron, expressed as 
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Figure 20.  Fe-Zn-Mn Diagram for Franklinite.  Elec- 
tron microprobe analyses of the average franklinite com- 
position for each sample (Table 3) are expressed as atoms/ 
100 atoms of Fe, Zn, and Mn.  o, •, and D indicate frank- 
linite that coexists with red, black, and brown willemite, 
respectively.   x indicates the average Sterling Hill 
franklinite as determined by Frondel and Baum (1974) and 
■ indicates the average franklinite composition of this 
study. 
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'orrous iron, was then placed • r. the tetrahedral site. 
* h e totr a h e d r a 1 site c c c u p a n c v i n t e r r. r. of 7 n 
+ 2 * 3 
c    a - H  t h   e octahedral site occur a r>« c y in tern s of ? e 
+ 3 
a n d - .!*• "1 ' " v e r e calculated' on the basis of 32 oxygen utosis. 
■ * ? 
The results are given in Table 4.  !,'eqativc values of Fe 
in the tetrahedral site (e.g. 4-16 in Table 4 ) indicate 
an excess op zi-nc and isanoanes? in the analvsis' over that 
necessary to completely fill the tetrahedral site and a 
t 
deficiency of aluminum and iron to comoletely fill ,the ' 
+ 3 
octahedral, site.  Thus, manqanese may.be Dresent as Mn 
in the octahedral site.  These results indicate the approx- 
imate distribution of the ferrous and ferric iron required 
to satisfy the method of calculation; these values for FeO 
and Fe.O  are reported in Table 3. 
The assumptions made reqardinq tetrahedral and octa- 
hedral site occupancy and the order in which the consti- 
tuent  cations were assigned to the franklinite structure 
are in accord with crystal-field stabilization energies. 
Inasmuch as the ions in the tetrahedral and octahedral 
sites in the spinel structure are about the same size, it 
is difficult to determine which cations will be octahedral 
and which will be tetrahedral.  The octahedral site prefer- 
ence energy, or the measure of the affinity of a transi- 
i        - ■ 
tion-metal ion for an octahedral coordination site, may 
be used to predict which site, octahedral or tetrahedral, 
a cation  will most likely occupy. 
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TABLE   4.      NUMBER  OF  CATIONS/32   OXYGENS   FOR 
FRANKLINITE   ANALYSES  OF  TABLE   3 
SAMPLE ANALYSIS 
1 
TETRAHEDRAL SITE OCTAHEDRAL 
re*
3
    Al+3 
15.6  0.5 
SITE 
2n*2 
4.0 
Mn*2 Fe+2 
1.5   2.0 
Sun Sinn 
1-la 7.5 16.1 
2-lb 2  , 5.2 2.1  0.6 7.9 15.5 0.6 16.1 
2-2b 3 5.6 2.4  0.0 8.0 15.7 0.4 16.1 
2-3b  4 --■ - 5.4 2.5  0.2 8.1 15.6 0.4 16.0 
2-4b 5 5.3 2.3  0.5 8.1 15.5 0.4 15.9 
2-6 6 5.4 1.8  0.7 7.9 15.7 0.4 16.1 
2-5 7 3.7 2.7   1.5 7.9 15.8 0.3 16.1 
2-7 B 3.0 2.8  2.4 8.2 15.6 0.3 15.9 
3-5 1.6       0.3       6.2       8.1 15.7     0.2     15.9 
4-16 10 6.2 1.9 -0.2 7.9 14.4 1.7 16.1 
4-7 11 6.4 2.3 -0.8 7.9 14.7 1.4 16.1 
4-12 12 6.2 2.1 -0.4 7.9 14.6 1.4 16.0 
4-13 13 6.3 2.6 -1.0 7.9 14.6 1.4 16.0 
4-11 14 5.4 3.0 -0.2 8.2 15.4 0.6 16.0 
4-15 15 5.4 3.1 -0.4 8.1 15.6 0.4 16.0 
5-1 16 5.5 2.8 -0.2 8.1 15.5 0.4 15.9 
5-3 17 5.1 3.3 -0.2 8.2 15.7 0.3 16.0 
5-4 18 5.1 3.3 -0.3 8.0 15.6 0.3 15.9 
5-5 19 5.5 2.2 0.2 7.9 15.8 0.2 16.0 
5-6 20 6.2 1.4 0.4 8.0 15.6 0.3 15.9 
5-7 21 6.2 1.7 0.2 8.1 15.8 0.2 16.0 
6-1 22 4.5 1.4 2.0 7.9 15.6 0.5 16.1 
6-2 23 5.0 1.8 1.4 8.2 16.0 0.0 16.0 
6-3 24 5.0 1.8 1.2 8.0 16.0 0.0 16.0 
6-4 25 5.0 2.6 0.5 8.1 16.0 0.0 16.0 
6-5 26 4.6 2.4 1.1 8.1 16.0 0.0 16.0 
6-8 27 5.0 3.0 0.1 8.1 16.0 0.0 16.0 
6-11 28 4.3 1.3 2.3 7.9 16.0 0.0 16.0 
Note: Negative values for Fe+2 in the tetrahedral site 
result from the manner of calculation and indicate an ex- 
cess of zinc and manganese over that necessary to com- 
pletely fill the tetrahedral site. Thus, some manganese 
may be present as Mn+3 in the octahedral site. 
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TABLE  4.      (ccmt.) 
SAMPLE     ANALYSIS TETRAHEDRAL SITE OCTAHEDRAL 5ITE 
Zn+2    Mn+2    re*2    Sum 
7-1 29 4.4       1.0       2.4       7.8 15.1     1.0     16.1 
7-2 30 4.7       2.7       0.9       8.3 15.6     0.4     16.0 
7-3 31 5.0 2.7 0.4 8.1 15.6 0.3 15.9 
7-4 32 5.0 2.6 0.3 7.9 15.7 0.4 16.1 
7-5 33 5.3 1.3 1.4 8.0 15.6 0.5 16.1 
7-6 34 4.6 1.9 1.6 8.1 15.5 0.4 15.9 
35 5.6 2.5 -0.2 7.9 15.6 0.5 16.1 
36 5.2 1.4 1.4 8.0 15.7 0.3 16.0 
37 4.4 1.6 2.0 8.0 15.5 0.5 16.0 
38 5.2 2.3 0.3 7.8 15.7 0.4 16.1 
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~" h o o c t a h ed ral site r>refer«*r,ce er.oroics (the 1 a r c e r 
the number, the qrcator the affir.it' . f      * >i r» 
* ? 
t. h e o c t a h cdral site),  in kcal ■'a-atonic wei a h t , f o r *" n  , 
'•'n   " ,    re  , Fe " , '•'q ' " , A1  ' , and Mr.   are -31.6, -14.7, 
-13.3, -9.9, -5.0, -2.5, and 3.1, rescectivelv -{Muller 
and Soy, 1974).  Zinc and d 1 va 1 e nt manqane se , t he r e f q^r e , 
will orohably. occunv the tetrahedral site.  Inasmuch as 
* 3 
the ideal end-member of franklinite (ZnFe  o0.) is a nor- 
. rr.al soinel (Evans, 1964; Muller and Roy, 1974), ferric 
iron and ferrous iron will enter the octahedral sites and 
the tetrahedral sites, respectively.  Note that this is 
contrary to tendencies predicted bv octahedral site pre- 
ference energies.  However, it is known that in the pre- 
+ 2    +3 
sence of Zn  , Fe   will be octahedral. 
One assumption of limited validity is that manganese 
is present onlv as the divalent species.  Most likely, 
both M.n   and Mn   are probably present as suggested by 
I 
the negative values in Table 4.'  If Mn   is present, the 
data in Table 3 would be modified so that more FeO and 
less Fe.O^ would be reported.  Correspondingly, Table 3 
+ 2 +2 
would show more tetrahedral Fe  , less tetrahedral Mn  , 
and less octahedral Fe  .  Mossbauer analysis is necessary 
to accurately determine the valence states of iron and 
manganese in franklinite. 
The arithmetic average of 394 franklinite analyses 
based on this study has a major cation composition, in 
73 
t«rri of ;\ t o n *? '* 1 <""> 0 aton *■« o * "" e ,    "v. ,    a n d '•' n , o *" f~> 7 p «> , 2 2 
" n , a n d 1 1 '•' r. ( r o u n d ed off to 1 ■-n ) .  This is in aoreeficnt 
with the average cotnno's i t i o r.   of franklinite fror. Sterlinq 
Hill (66 Fe , 2 1 Z n, and 11 Mn) based on wet chemical 
analyses of franklinite as compiled and reported by Frondel 
and Baun (1974).  The latter analysis was based on analyses 
of samoles largely from unknown" locations in. the mine where- 
as the average analysis of franklinite reported here is 
based on samoles from known locations in the mine. 
Zinc and manganese do not anpear to substitute for 
each other in a simple manner in franklinite, as suggested 
by the random pattern of Figure 21A, in which the weight 
nercent of ZnO is plotted against the weight percent of 
MnO.  Instead, both zinc and manganese proxy for iron as 
can be seen in the plot of the weight percent of Fe_0_ 
(iron expressed as Fe„0,) versus the weight percent of MnO 
and the weight percent of Fe 0_ versus the weight percent 
of ZnO given in Figures 21B and 21C, respectively. 
Figure 22A is a plot of the weight percent of ZnO 
versus the weight percent of tetrahedral FeO in franklinite 
(as calculated by the procedure outlined above) and Figure 
22B is a plot of the weight percent of MnO versus the 
weight percent of tetrahedral FeO in franklinite.  The 
inverse relationship shown by both plots and the randomness 
of the ZnO versus MnO plot (Fig. 21A) suggests that dival- 
ent iron proxies for zinc and for manganese in the tetra- 
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Figure 21.  variation Diagram for Franklinite.  The 
variation diagram is based on the average franklinite com- 
position for each sample (Table 3).  A)  Weight percent 
ZnO versus weight percent MnO in franklinite.  o, •, and 
D indicate franklinite that coexists with red, black, and 
brown willemite, respectively. 
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Figure 21 (cont'd).  B)  Weight percent Fe 0  Uron 
expressed as Fe_0_) versus weight percent MnO in frank- 
linite.  Symbols are the same as in Figure 21A. 
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Figure 21 (cont'd).  C)  Weight percent Fe.O., (iron 
expressed as Fe.O ) versus weight percent ZnO in trank- 
linite.  Symbols are the same as in Figure 21A. 
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Figure 22.  Variation Diagram for Franklinite.  A) 
Weight percent tetrahedral FeO (calculated as outlined in 
the text) versus weight percent ZnO in franklinite.  o, 
•, and a indicate franklinite that coexists with red, 
black, and brown willemite, respectively. 
78 
B 
12 - 
O c 
^  8 
5 
o     o 
o o 
0 4 8 
WT % TET FeO 
12 
Figure 22 (cont'd).  B)  Weight percent tetrahedral 
FeO (calculated as outlined in the text) versus weight 
percent MnO in franklinite.  Symbols are the same as in 
Figure 22A. 
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h<> J r a 1 n i t e bu t t ha t r,a r.q JRCS»'• doc s r.o t ;■•• rox v j.n n    s i r,p!« 
w ,1 v f o r ictrahc •:*, r A 1 sin c . 
-I  '"inure 23 in   n n 1 o t o f t h e percent o'f    the tctrshc d r A 1 
f! i t e o c c u n i e A   b v Fe   vers u s t h e weiaht cerccr.t of oc t A - 
hedra 1 re ?0 , both calculated acccrdina to the nothod des- 
cribed above.  The strono positive' correlation, however, 
is only an artifact of the calculation- scheme.-. It is note- 
worthy that tetrahedral iron is absent unless the re_0- 
content of franklinite is greater than aoproximately 66 
weiqht percent.  This indicates that there is a certain 
minimum threshold value or amount of iron necessary to 
saturate the octahedral site.  Furthermore, the value of 
the threshold (for iron) will vary inversely with the 
amount of aluminum present inasmuch as aluminum also occurs 
in the octahedral site. 
Compositional Variation of Franklinite 
With Coexisting Willemite 
The composition of the franklinite is a function of 
the type of willemite with which it coexists.  In other 
words, franklinite exhibits discrete ranges of composition 
which may be correlated with the occurrence of coexisting 
red, brown, or black willemite although there is some over- 
lap between ranges.  Table 3 (analyses 35, 36, and 37, 
respectively) shows the average compositions of franklinite 
which coexists with red, brown, and black willemite.  The 
compositional range of franklinite which coexists with red, 
80 
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Figure 23.  Variation Diagram for Franklinite.  The 
weight percent of Fe_03 (iron expressed as Fe_0_) is 
plotted against the atom percentage of Fe   in the tetra- 
hedral site in franklinite.  Negative values for the atom 
percentage of tetrahedral site occupancy result from the 
manner of calculation and indicate an excess of zinc and 
manganese over that necessary to completely fill the tetra- 
hedral site.  Of •/ and O indicate franklinite that co- 
exists with red, black, and brown willemite, respectively. 
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browr. , and black willemite IF. shewn in viqurcs ?1, 22, and 
Franklinite From Red Willetnite Zones 
franklinite fron the red wilier, it. e zones has the love's' 
fe  content of all  (Table 55 .  It ranqes from 5 4.2 to ?0.8 
weight, oercent of F e ? 0 , (iron expressed as Fe?0).  Cor- 
respond i nq ly, this franklinite has the highest, zinc and 
manqanese contents of all the franklinites analyzed with 
ZnO and MnO ranging in weight percent from 19.3 to 28.5 and 
5.0 to 13.3, respectively.  Fe_0-./ZnO is typically less 
than 3.0.  The aluminum content is variable and ranqes up 
to 7.0 weight percent Al_0o.  Aluminum generally occurs in 
higher concentrations in those franklinite grains which 
contain the least iron. 
Franklinite From Black Willemite Zones 
Franklinite from the black willemite zones is the most 
iron-rich of all the franklinites (Table 5) and ranges be- 
tween 72.4 and 78.3 weight percent of Fe_0_ (iron expressed 
as Fe„0 ).  This franklinite contains the lowest concentra- 
tions of zinc (16.7 to 21.2 weight percent of ZnO) but it 
has manganese concentrations that are in the middle of 
the total range for all franklinite (3.9 to 7.5 weight per-r 
cent of MnO).  The -Fe-O./ZnO is typically greater than 3.9. 
The concentration range of aluminum is very wide; the maxi- 
mum is 3.2 weight percent of Al00_. 
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Franklinite From Brown Willemite Zones 
f'r i\ nk 1 | n i t e from brown villcnitc soncr. (Table r>) con- 
tains intermediate concentration levels of i ron an(I   zinc 
with iron ranging from 71. S to 71.3 weight percent, of 
Fc.,0. (iron expressed asf'e.oj and zinc   between 21.0 and 
2 2.9 weight percent of 7nO.  VnO ranges from 4.8 to P-. fc 
weinht cercent, the lower values of which represent the 
lowest concentration levels of MnO in any of the frank- 
linite which was analyzed; however-, the MnO range does 
overlap appreciably that of franklinite associated with 
black willemite.  The ratio Fe^O^/ZnO, which is generally 
between 3.0 and 3.9, lies.between that of franklinite 
associated with red and black willemite, respectively. 
The aluminum content is low and is commonly less than 1.3 
weight percent of Al_0^. 
Intragranular Homogeneity 
Intragranular variations in composition or chemical 
homogeneity of individual franklinite grains may be evalu- 
ated statistically „with the electron microprobe.  Inasmuch 
as x-ray production is a statistical process, the number 
of x-rays produced from a given sample will be completely 
random in time but will have a fixed mean value.  The 
distribution of the number of determinations of x-ray 
counts from one point on a sample versus the number of 
x-ray counts for a fixed time interval will have a contin- 
uous Gaussian distribution.  Individual x-ray counts from 
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(} a c h    s A r. r I i r. cj ..will lie   u n o r.. 
which    t.hc    ritar.dard deviation 
t''". €   r*; <* it r.    r. u T. i: c r    o ' c o u n t. s    ( " 
1 "■•"* ? 5 ) 
hc   u n l -r; u «■    "". a■ u r, s i a- n   cu rve    f o 
( • _ )    i <:    t h e ■■ ■ s H U a r e   r r< o t    nf 
!.',    ". o 1 d JT t e i n   .i n d   f o 1 b v , 
%> 
I.f    the   actual    standard   deviation   S      of   the   .iccunulatcd 
c 
counts fron a noint in known, a criterion for homogeneity 
mav he developed.  Data from ho^ooeneous sanolcs show that 
5  is tvoicallv about twice n    , so an uncharacterized samnle 
c c 
may be assumed to be homogeneous if S  < 2c  (Goldstein and 
c     c 
Colbv, 1975).  Based on the nrecedino observation, criteria 
for homogeneity have been developed by Buseck arid Goldstein 
(1969) as follows:  if S /2a      is less than one, the sample 
is homogeneous; if 1 < S /2a      <    2,    the homogeneity is un- 
c   c 
certain; and if S /2a      is areater than two, the sample is 
c   c 
inhomogeneous.  It should be noted that these criteria are 
valid only for elements present in major amounts, that is, 
elements whose background counts are insignificant compared 
to peak counts.  Using the Buseck-Goldstein criteria, homo- 
geneity indices (S /2a ) were calculated for representative 
individual grains of franklinite and are presented in Table 
6.  Homogeneity indices, based on the method developed by 
Boyd and Finger (1975), give equivalent results.  Accumu- 
lated counts from different parts of each discrete frank- 
linite grain were used in the calculations for iron, zinc, 
and manganese.  Alluminum and magnesium were not considered 
because these elements are generally present in only minor 
amounts. " 
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'"alculated hoir.oqeno i t v indices based on iron, zinc, 
and ma no 3 none for ancr oxirr.a t e 1 v 75%   of the 39*5 franklin iter. 
that were analyzed are less than one and, therefore, the 
franklinite drains' are chemically, hasoaeneous.  In other 
words, the individual frank 1inite qrains do not appear to 
have any, systematic zonal distribution of either iron, 
zinc, or manganese.  The grains that consist of aahnite- 
f rank'l in ite interqrowths are obviously i nhomoqeneous (3-5, 
4-16, 4-7, 4-12, 4-13, 6-11, and 7-1).  The franklinite 
matrices for the gahnite interqrowths are somewhat homo- 
geneous, although there are some that are distinctly in- 
homogeneous (e.g. sample 3-5).  This inhomogeneity may be 
attributed to compositional gradients in the franklinite 
surrounding the exsolved lamellae of gahnite.  Such grad-/ 
ients were probably established during exsolution. 
Intergranular Homogeneity 
Intergranuiar variations in the composition of frank- 
linite from the same sample were evaluated using the method 
of Boyd and Finger (1975).  The standard deviation (a ) to 
e 
be expected from counting Statistics for a particular ele- 
mental analysis is given by: 
2 
C 
,R 
Re   Re 
Ct + TC 
where C'and c are the concentration of the element in the 
standard and the unknown, respectively; T and t are the 
counting time on the standard and unknown, respectively; 
88 
iir.d ?< '  is the counting rate: (cour, t s/n ccont! 5 on the stand- 
ard. 
Having obtained ■- , the value of -the standard devia- 
e 
tion to be expected frou counting statistics for a parti- 
cular elemental ana.1 vsis, a sioaa ratio in the fern c   /c ■ ©  c 
mav be calculated, wherein c      is the observed standard de- 
o 
viation of the concentration of a particular element as 
determined from repetitive analysis of the sample (in this 
study, c      is the standard deviation of the average frank- 
- '      o 
linite analysis of each sample). A value in excess of 
two or three for a major element is highly indicative of 
inhomogeneity; with respect.to a minor element for which 
background effects are significant, the sigma ratio must 
be greater than four or five before inhomogeneity may be 
established. 
Sigma ratios were calculated for iron, zinc, and man- 
ganese from the average franklinite analysis of each of the 
samples analyzed.  The results are presented in Table 7. 
Sigma ratios for aluminum and magnesium were not calculated 
inasmuch as these elements are generally present in only 
minor concentrations.  A value of one or less for an ele- 
ment indicates that the franklinite grains from that sam- 
ple do not differ significantly from each other with respect 
to that element.  Conversely, a sigma ratio greater than 
two or three indicates that the franklinite grains from a 
particular sample do differ significantly. 
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TABLE   7.      HOMOGENEITY   INDICES   FOR   IJJTERGRAIN 
COMPOSITIONAL  VARIATIONS  OF  FRANKLINITE 
Sample !lo. Jfuabnr of Grains Fe Zn Mn 
1-la 12 1.40 0.63 0.69 
2-lb 30 1.07 1.68 2.42 
2-2b 28 1.79 1.90 1.70 
2-3b 19 0.89 1.68 0.76 
2~4b 19 1.26 3.29 2.07 
2-6 16 1.70 1.86 2.74 
2-5 31 1.64 1.95 1.14 
2-7 6 1.82 2.28 2.96 
3-5 5 3.36       6.58       4.87 
4-16 7 1.48 1.61 1.84 
4-7 13 4.12 1.08 4.14 
4-12 18 2.80 1.44 2.62 
4-13 18 4.42 1.06 2.96 
4-11 6 0.84 0.90 1.29 
4-16 17 1.44 0.45 0.50 
5-1 4 1.96 1.88 0.83 
5-3 8 1.90 2.48 2.77 
5-4 9 1.23 1.48 1.07 
5-5 8 ... 2.18 0.67 2.32 
5-6 6 1.49 0.91 1.55 
5-7 6 1.21 2.22 1.04 
6-1 5 1.45 1.04 0.94 
6-2 5 1.01 0.75 0.70 
6-3 4 1.81 1.32 1.32 
6-4 5 1.13 1.80 1.18 
6-5 6 0.68 0.68 0.93 
6-8 8 0.69 2.53 3.85 
6-11 3 3.59 9.11 4.92 
7-1 4 2.75 2.68 1.88 
7-2 7 0.69 1.31 0.40 
7-3 6 1.18 1.39 0.39 
7-4 8 0.97 1.11 0.77 
7-5 11 0.64 0.79 0.47 
7-6 8 1.76 1.26 0.46 
Note: Homogeneity indices were calculated using 
the method of Boyd and Finger (1975). 
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f'roff Tnblc 7 it can le    seen that r-.ost of the pi^ra 
ratios for iron, riT.c, and manganese arc; a rearer than one, 
which r. uqqestr, i nt e rnr a nu 1 ar inhowoqencitv.  This is of 
interest with respect to crystal orowth during Bctasorchinrs 
when one considers that {1} int. raqranular concositional 
variations in s ing le f rankl in i t e grains I   to'" 5 ntn in dia- 
meter are usually negligible (with the exception of -those 
franklinites which contain qahnite exsolution lamellae) and 
(2) the franklinite qrains analyzed were, in many samples, 
2 
from an area as large as 2.25 cm .  Chemical equilibrium 
seems to have been achieved within each discrete frankli- 
nite grain, but not between franklinite grains as close as 
3 mm to each other.  Thus, chemical equilibrium appears to 
have been attained during metamorphism in spherical volumes 
3 
as great as 7 cm , but nonequilibrium prevailed in greater 
volumes. 
The grain-to-grain inhomogeneity of the franklinite 
from the same sample would seemingly prohibit the charac- 
terization of franklinite from each sample by an average 
analysis.  But inasmuch as the range in the intergranular 
composition of franklinite grains from sample to sample 
is much greater than the range in the intergranular compo- 
sition of franklinite grains from the same sample, the 
average franklinite analysis from each sample can be a 
useful measurement. 
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Chemical Variations Alonq and Across the Strike 
" iaurcs 2 A ,    ?. 5 ,    7 (- ,    '.'' 7 , "a n d 2 fl are riot K of ? Ke a v e r - 
a c; e o x i d e wciqht percent o f the . m a 1 o r elenents in f r a n k - 
linito versus distance from the footwall for each sample 
from the series 2, 4,^5, 6, and ? sample.locations, respec- 
tively. 
Generalizations regardinq compositional trends with 
distance from the footwall cannot be made because the 
scale on which the composition changes is not' known.  For 
example, samples from the Series No. 4 sample location, col- 
lected over a distance of 110 cm, show at least as great 
a variation in composition as samples from the Series Mo. 6 
sample location which were collected over a distance of 
almost 50 m.   Furthermore, samples 4-7, 4-12, and 4-15, 
representing a distance of 15 cm, show compositional vari- 
ations almost as great as shown by the complete series. 
A more detailed study from a single sample location 
would be necessary to determine the scale of the composi- 
tional variations reflecting the banding in the ore body. 
Even if there is no systematic compositional variation with 
distance, such a detailed study could reveal the composi- 
tional range of the bands of ore. 
Nevertheless, composition-distance plots are inter- 
esting in that they reveal substitution mechanisms in the 
spinel.  These include the substitution of zinc for iron, 
manganese for iron, zinc plus manganese for iron, mangan- 
92 
UJ 
o 
>< 
o 
5 
80 h 
70 
60 
50 
40 
*   30 
20 
10 
2-5 
FeO 2    3 
ZnO 
MnO 
l 
1 2 3 
METERS 
Figure 24. Composition-Distance Diagram for the Sample Location 
of Series No. 2. The weight percent oxide in the average franklinite 
analysis for a sample is plotted against the distance (m) from the 
footwall of that sample for samples from the sample location of Series 
No. 2.  Iron is expressed as Fe203» 
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Figure 25. Composition-Distance Diagram for the Sample Location 
of Series No. 4. The  weight percent oxide in the average franklinite 
analysis for a sample is plotted against the distance (cm) from the 
footwall of that sample for samples from the sample location of Series 
No. 4. Iron is expressed as Fe2C>3. 
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Figure 26. Composition-Distance Diagram for the Sample Location 
of Series No. 5. The weight percent oxide in the average franklinite 
analysis for a sample is plotted against the distance (m) from the 
footwall of that sample for samples from the sample location of Series 
No. 5.  Iron is expressed as Fe2C>3. 
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Figure 27. Composition-Distance Diagram for the Sample Location 
of Series No. 6. The weight percent oxide in the average franklinite 
analysis for a sample is plotted against the distance (m) from the 
footwall of that sample for samples from the sample location of Series 
No. 6.  Iron is expressed as Fe203. 
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Figure 28. Composition-Distance Diagram for the Sample Location 
of Series No. 7. The weight percent oxide.in the average franklinite 
analysis for a sample is plotted against the distance (m) from the 
footwall of that sample for samples from the sample location of Series 
No. 7. Iron is expressed as Fe203. 
97 
one for- r.inc, and zinc for r.anaanese . Those substitutions 
w h i c h i r. v o 1 v e iron crohably reflect the substi t u t i o n of 
itr.c and r.ancjanene for divalent.'iron in the t ctrahedral 
site in franklinite as discussed above. 
Attempts to correlate the Series Mo. 2 and -No. ? sam- 
ple locations (both from the west limb) with the Series 
No. 4 and No. 5 sample locations (both from the east limb)"" 
are problematical in that generalizations reqardinq com- 
position-distance trends are not known.  More important, 
however, is that the detailed structure of the ore body is 
not known.  One cannot correlate exactly a sample from one 
series with a sample from another series based solely on 
the perpendicular distance from the footwall.  The struc- 
ture of the ore body is extremely complex and the ore bands 
pinch and swell or disappear along the strike; faulting 
further complicates the situation.  Furthermore, the struc- 
ture of the ore body may be that of a series of discontinu- 
ous tabular lens-like bodies, as suggested by Frondel and 
Baum (1974) for the Franklin deposit.  Thus, any attempts 
to correlate samples or composition trends between sample 
series of this report is not likely to succeed. 
On the other hand, an exception may be the franklinite 
from the zincite band and the franklinite from black wil- 
lemite zones, both of which have been traced through the 
mine.  There is, however, a significant range in composi- 
tion of the franklinite within these mappable units (com- 
98 
n <i r <* f r n r. k ! i r, j t e a n a 1 y s c s 3 , 14, IS, a r, d 1 7 in T a b le 3 
which ,u« .'ill from the zine.it*? band).  Although the 
a n A 1 y s e s a re B 1 r. i 1 a r , t h ere are still seas u riibie differ- 
e r. c c n .  ? h i s    i n d icates that co n no s i t i o n a 1 v a r I a t i o n s i n 
t h c q r ai n s c f franklinite occur not only across the nin- 
eralogical layerinq in the ore body, but also alone? the 
strike of the layers.  However, the nsaqnitude of the com- 
positional variations alonq the strike appears, in qen- 
e'ral, to be smaller than that across the layers. 
FRANKLINITE INCLUSIONS IN WILLEMITE AND TEPHROITE 
Representative electron microprobe analyses of frank- 
linite inclusions in willemite and tephroite are given in 
Table 8.  These analyses recalculated as atoms/100 atoms 
of Fe, Zn, and Mn are shov/n graphically in Figure 29. 
Three compositional varieties of franklinite inclusions 
may be recognized from the graphical plots shown in Figures 
30A, 30B, and 30C, in which Zn atoms/100 atoms of Fe, Zn, 
and Mn, Fe atoms/100 atoms of Fe, Zn, and Mn, and Mn atoms/ 
100 atoms of Fe, Zn, and Mn in the franklinite inclusions 
are plotted against Zn atoms/100 atoms of Fe, Zn, and Mn, 
Fe atoms/100 atoms of Fe, Zn, and Mn, and Mn atoms/100 
atoms of Fe, Zn, and Mn.in the average franklinite analysis 
of the same specimen.  On these diagrams, a line with a 
slope of 1 represents the locus of points for the condition 
in which the franklinite inclusions and the average frank- 
linite analysis of the same sample have the same composition 
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Figure 29. Fe-Zn-Mn Diagram for Franklinite Inclusions in 
Willemite. Electron microprobe analyses of franklinite inclusions 
in willemite and tephroite are expressed as atoms/100 atoms of Fe, 
Zn, and Mn. o, m,  o/ and ■ indicate franklinite inclusions in red 
willemite, black willemite, brown willemite, and tephroite, respec- 
tively. 
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Figure 30. Compositional Correlations Between Elements in 
Franklinite and Franklinite Inclusions in Willemite. A) Zn atoms/ 
100 atoms of Fe, Zn, and Mn in franklinite inclusions (INCL) versus 
Zn atoms/100 atoms of Fe, Znr and Mn of the average franklinite 
analysis (FR) of the same sample, r, b, n, and t indicate variety 
I franklinite inclusions in red willemite, black willemite, brown 
willemite, and tephroite, respectively.  R, B, N, and T indicate 
variety II franklinite inclusions in red willemite, black wille- 
mite, brown willemite, and tephroite, respectively. D indicates 
variety III franklinite inclusions in willemite. 
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Figure 30 (cont'd.). B) Fe atoms/100 atoms of Fe, Zn, and Mn 
in franklinite inclusions (INCL) is plotted against Fe atoms/100 
atoms of Fe, Zn, and Mn of the average franklinite analysis (FR) of 
the same sample. Symbols are the same as in Figure 30A. 
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Figure 30 (cont'd.). C) Mn atoms/100 atoms of Fe, Zn, and Mn 
in franklinite inclusions (INCL) is plotted against Mn atoms/100 
atoms of the average franklinite analysis (FR) of the same sample. 
The symbols are the same as in Figure 30A. 
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Franklinite inclusions of variety I have compositions 
that, are similar to the averaqe franklinite analysis of 
the sane sample; cos-rare, for exancle, analysers 1, 2, and 
fi in Table 8 with analyses 35, 3, and 2S in Table 3, 'respec- 
tively.  Variety 1 franklinite inclusions are represented 
by those points on Figure 30 fallinq directly on the line 
with a alone of one and are within the limits of the ana- 
lytical precision. 
Franklinite inclusions of variety I are qradational 
in comoosition into the second variety of franklinite in- 
clusions (variety II), which differ in composition from 
the averaqe franklinite analysis of the same sample; com- 
pare, for example, analyses 4, 5, 6, and 7 in Table 8 with 
analyses 12, 19, 23, and 24 in Table 3, respectively. 
Variety II franklinite inclusions are represented by those 
points on Figure 30 that are near but not on the reference 
line and are outside the limits of the analytical precision. 
Variety II franklinite inclusions may have higher or lower 
concentrations of iron, zinc, and manganese compared to the 
average franklinite analysis of the same sample.  Variety I 
and variety II franklinite inclusions occur in both red and 
black willemite although variety II franklinite inclusions 
appear to be somewhat restricted to grains of red willemite 
or to tephroite that is actually a mixture of several phases 
The third group of franklinite inclusions (variety III) 
approaches magnetite in composition and differs markedly in 
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composition 'fron the avcraqe franklinlte analysis of the 
a A ir. e saep-lc; compare, for example, ar.al y « e s .1 , r*, 1 ft , «;n d 
11 in Table 8 with 'analyses <>, 28, 28, and 2 <)    in Table 3, 
respectively.  Variety Til fran.klinite inclusions are re- 
presented hy those points greatly displaced frorr. the, re- 
ference and most other' points on Figure 30.  Those frank- 
linite inclusions front sample 6—11 are of particular in- 
terest because some of the inclusions are concentrated along 
grain boundaries between the willemite orains.  Variety III 
franklinite inclusions are restricted to black willemite. 
Also of interest in the plots of Figure 30, is the pos- 
itive correlation shown by the data.  This suggests that 
the composition of the franklinite inclusions is related 
to the composition of the average franklinite analysis of 
the same sample. 
Metsger et al.  (1958)'presented the hypothesis that 
the color variation of willemite and tephroite is due to 
the composition of the contained franklinite inclusions 
(e.g. franklinite inclusions, in red willemite are low- 
iron, high-zinc, and high-manganese inclusions whereas 
franklinite inclusions in black willemite are high-iron, 
low-zinc, and low-manganese inclusions).  This was based 
on compositions determined from lattice parameter measure- 
ments of franklinite inclusions.  Electron microprobe 
analyses of franklinite inclusions obtained in this study 
support their hypothesis as franklinite inclusions in 
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black vil leaitc h a v c the highest ire n c o n t o r. t. a n d r, h e 1 o v - 
c s t z i r s c a n d m a n q a r. e s c content { r i q . 3 0 ) a s cl c discrc t c 
frank 1 i n itc a r a i n s w h i c h coexist' with black w i 1 1 c m i t. e 
whereas franklir.itc inclusions in red wilier, itc have the ■ 
highest z inc and nanqanese content and the; lowest iron 
content as do discrete franklinite grains which coexist 
with red willemite.  Compare, for example, analyses 1 and 
5 in Tables. 
Metsger et al.  (1958) indicated that brown willemite 
contains both red-colored (high-zinc and high-manganese) 
and black-colored (high-iron) spinel inclusions.  The 
inclusions in brown willemite, as determined in this study, 
have a composition similar to those inclusions which occur 
in red willemite (Figs.- 29 and 30; compare analyses 5 and 
6 in Table 8).  High-iron franklinite inclusions in brown 
willemite were not found, but this may be due to the small 
number of franklinite inclusions in brown willemite which 
were analyzed. 
Despite the hypothesis of Metsger et al.  (1958) there 
is the possibility that brown willemite may contain a 
compositionally discrete variety of franklinite as inclu- 
sions.  This is suggested by (1) franklinite which coexists 
with red, brown, and black willemite has discrete ranges 
in composition (Table 5) and (2) the franklinite inclusions 
in red and black willemite correspond to the composition 
of the average franklinite analysis of the same specimen. 
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T h o r o s u 1 t <; o f thi s ?»t u d y favor " t h e h y r o t h <» r, i .*; ■-• f "ct r> a c r 
ft. a 1 .  • I r» r-< 8 ) with resrect to the red and the h 1 n c k w i I - 
icrsit« but surrcH' s t t h a t there n a y h e a c a p. n o n .i t ■ •* o rs a 1 1 y 
discrete varictv of franklinito in brown willcnitc.  A 
d etai led study of the frankl inltc inclus So r. «s i r. h r o w n 
willesite should resolve this problem. 
WILLEMITE 
The acquisition of accurate electron microprobe an- 
alyses of willemite Droved to be difficult because it , 
was found that many of the willemite grains actually con- 
sist of intimate intergrowths of willemite, tephroite, 
picro-tephroite, and rarely, zincite.  In addition, the 
willemite grains contain minute inclusions of franklinite 
Metsger et al. (1958) reported the occurrence of friede- 
lite and serpentine-like inclusions in the willemite. 
Matrix effects from these intimately intergrown phases 
result in relatively poor analyses of willemite.  In 
i> i... 
addition, the oxide standards used in the electron micro- 
probe analyses may not have been the best standards for 
silicate analysis. 
Representative analyses of willemite, cations/24 
oxygens, and the molecular proportions of the end members 
willemite, tephroite, forsterite, and fayalite are given 
in Table 9.  It is of interest to note that the yellow- 
green willemite characteristic of the Franklin deposit 
seems to contain a greater content of manganese than 
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TABLE   9.      REPRESENTATIVE   ELECTRON  KTCROPROBE   ANALYSES 
(WT   %)   OF WILLEMITE 
ZnO 
MnO 
FeO 
MqO 
Si02 
AI2O3 
Total 
1 
63-4 
6.7 
0.5 
HA 
27.8 
0.8 
2 
63.9 
5.4 
Tr 
0.4 
30.3 
3 
66.5 
2.8 
0.4 
HA 
30.1 
Tr 
4 
63.9 
6.5 
0.8 
0.2 
29.5 
5 
62.2 
7.6 
0.2 
0.1 
29.7 
99.2     100.0     99.8     100.9     99.8 
6 
60.9 
6.5 
0.3 
1.3 
30.2 
Tr 
99.2 
7 
63.2 
4.8 
1.6 
0.4 
30.2 
8 
64.2 
3.0 
0.8 
2.9 
29.7 
100.2     100.6 
MnO/FeO     13.4 7.0 8.1     38.0     21.7 3.0 3.8 
Octahedral Cations per 24 Oxygens 
Zn 
Mn 
Fe 
Mg 
Sum 
10.3 
1.2 
0.1 
11.6 
10.0 10.5 
1.0       0.5 
0.1 
0.1 
11.1 11.1 
10.1 9.8 
1.2 1.4 
0.1 - 
0.1 
9.5 
1.2 
0.1 
0.4 
11.5     11.2     11.2 
9.9 
0.9 
0.3 
0.2 
11.3 
10.0 
0.5 
0.1 
0.9 
11.5 
Si 
Al 
Sum 
Tetrahedral Cations per 24 Oxygens 
6.1 6.4       6.4 6.3       6.4       6.4 6.4 6.2 
0.1                                       - 
6.2 6.4       6.4 6.3       6.4       6.4 6.4 6.2 
Zn2Si04 88 
Mn2Si04 11 
Fe2Si04 1 
Mg2Si04 - 
Molecular % of End Member 
90   95    88   88   85. 88 86 
9    4    10   12   10 7 5 
11-1 3 1 
1           1-4 2 8 
Note 1  Iron is expressed as FeO. Tr indicates less than 
, indicates not detected, and NA indicates not analy- 0.1, 
zed. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Sample 2-4b, red willemite W2. 
Sample 4-13, red willemi'te W8. 
Sample 5-5, red willemite Wl-1. 
Sample 6-4, red willemite W3-1. 
Sample 6-8, red willemite W15. 
Sample 7-2, red willemite W2. 
Sample 6-2, brown willemite W2. 
Sample 7-5, brown willemite W7. 
109 
TABLE 9.  (cont.) 
ZnO 
MnO 
FeO 
MgO 
Si02 
A1203 
Total 
9 
65.4 
2.6 
1.2 
2.9 
30.3 
0.1 
10 
62.9 
4.1 
1.6 
0.3 
30i0 
0.9 
11 
66.7 
3.3 
1.2 
0.2 
28.5 
12 
71.6 
0.9 
1.5 
Tr 
28.7 
Tr 
13 
63.7 
6.1 
0.3 
0.5 
29.5 
0.1 
14 
64.2 
3.9 
1.3 
1.4 
30.0 
15 
64.9 
3.4 
1.9 
1.3 
29.7 
0.1 
102.5  99.8  99.9  102.7  100.2  100.8  101.3 
!<nO/FeO 2.2 2.6   2.8 0.6 20.3 3.0 1.8 
Zn 
Mn 
Fe 
Hg 
Sum 
Octahedral Cations per 24 Oxygens 
10.0  9.9 10.7   11.3 10.1   10.0 
0.5  0.7  0.6   0.2 1.1   0.7 
0.2  0.3  0.2   0.3 0.1   0.2 
0.9  0.1  0.1   - 0.2   0.2 
11.6  11.0  11.6   11.8   11.5 11.3 
10.1 
0.6 
0.3 
0.4 
11.4 
Si 
Al 
Sum 
Tetrahedral Cations per 24 Oxygens 
6.2  6.4  6.2 6.1   6.3   6.3 6.3 
0.1  - -     -     - - 
6.2  6.5  6.2 6.1   6.3   6.3 6.3 
Molecular % of End Member 
Zn2Si04  86   90   92    96    88 88 88 
Mn2Si04   4    6    5     2     9 6 5 
Fe2Si04   2    3    2     2     1 2 3 
Mg2Si04   8    11            2 4 4 
Note; Iron is expressed as FeO. Tr indicates less 
than 0.1 and .. indicates not detected. 
9. Sample 1-la, black willeraite W2. 
10. Sample 6-1, black willemite Wl. 
11. Sample 6-11, black willemite W10-2. 
12. Sample 3-5, brown or black willemite W2. 
13. Average of 22 red willemite analyses. 
14. Average of 10 brown willemite analyses. 
15. Average of 9 black willemite analyses. 
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t h ft t    f r o r. t h < or line Hill deposit! thin rav Account 
r artl ',• for. the color differences ohscr v ed ir. willctni te 
f r or, the two localities. 
F inures? 3 1A, 3 IB, and 3 1C are riots of the weiqht 
percent of 2nO   versus the weight percett t, ,-o f FeO ( 1 roa ex - 
pressed as   Fen), the weioht percent of MnO versus the 
weioht percent of FeO, and the weight percent of ZnO ver- 
sus the weiqht percent of M.nO, respectively,.  The inverse 
relationship shown hv Figure 31C suggests that manganese, 
substitutes directly for zinc in the willemite structure 
whereas the random pattern of Figures 31A and 31B suggest 
that the substitution of iron for zinc and manganese is 
more complex. 
Because of the difficulty in obtaining good willemite 
analyses, it was not possible to correlate changes in 
willemite composition with distance from the footwall. 
For the same reason, it was not possible to determine in- 
tragranular and intergranular homogeneity as was deter- 
mined for franklinite.  However, the color of the wille- 
\ 
mite (red, brown, and black) may be correlated with dif- 
ferences in the composition of the willemite (Table 10). 
This suggests that the color of willemite may depend on 
its composition as well as the composition of the frank- 
linite inclusions as discussed above. 
Red willemite has the lowest iron content (Table 10) 
which is generally less than 0.8 weight percent of FeO 
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Figure 31. Variation Diagram for Willemite. The variation 
diagram is based on electron microprobe analyses of willemite. A) 
Weight percent ZhO is plotted against the weight percent FeO (iron 
expressed as FeO) in willemite.' o, •, and a indicate red, black, 
and brown willemite, respectively. 
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Figure 31 (cont'd.). B) Weight percent MnO is plotted against 
the weight percent FeO (iron expressed as FeO) in willemite. The 
symbols are the same as in Figure 31A. 
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Figure 31 (cont'd.). C) Weight percent ZnO is plotted against 
the weight percent MnO in willemite. Ttie symbols are the same as 
in Figure 31A. 
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'iron oxp.rcsr.p'i as "t^! .  The r.ancanesfi content, ranee ft 
fron 2 . 8. to ••*. 3 veiqh-t .percent of YnO.  Consequent 1?, 
t h e ratio M r.''' /'FcO is v a r i a b 1 e a n d r a n q e s f r om S . v t o 
■}'''.'".  The zinc content ranucs from 59.7 to 7 0 . 5 v eiah t 
percent of "no. 
Black willemite has the highest iron content (Table 
1-0) and ranges from 1.0 to 4.4 weight percent of F.eO 
(iron expressed as FeO).  Manganese is distinctly lower and 
ranges from 0.9 to 5.0 weight percent of MnO. ; As a result, 
the ratio MnO/FeO is lower than that of red willemite and 
is tvpically less than 2.8 or 2.9.  The zinc content is 
variable and ranges from 61.7 to 71.8 weight percent ZnO. 
The composition of brown willemite lies between that 
of red and black willemite (Table 10).  The iron content 
ranges from 0.8 to 1.6 weight percent of FeO (iron expres- 
sed as FeO).  Manganese ranges between 3.0 and 4.8 weight 
percent of MnO.  As a result, the ratio MnO/FeO of brown 
willemite lies between that of red and black willemite and 
is tvpically between 2.9 and 4.0.  However, some overlap of 
the ratio MnO/FeO of black and brown willemite does occur 
and is attributed to the variable manganese content.  The 
zinc content is not quite as variable as that of red and 
black willemite and ranges from 62.7 to 65.2 weight per- 
cent of ZnO. 
Compositional relationships between discrete grains 
of willemite and the average franklinite composition from 
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t h c !! a r. c   s.lnrle is s h o w n ararhicall v in F i q u r e 3 2 .  A 
s t r o r. *; r o s £ t i v e correlation exists h otweer, the re„ <" ^ c o r. - 
tent of the averaqe fr«nklinite and the FeO content of 
willcF.itc from the snn.e sar.ple (Figure 32'H) .  A moderate. ■ 
correlation exists for the corresponding- manganese con-. 
tents {Fiq. 3 2A), but there is no correlation with respect 
to the zinc content (Fiq. 32C),  This suqqests.that the 
manqanese and iron content of each willemite qrain was 
fixed durinq metamornhism by the initial bulk composition 
of the immediate volume of rock in which it occurs. 
ZINCITE 
Typical electron microprobe analyses of zincite are 
qiven in Table 11.  By comparison, zincite from the Frank- 
lin deposit contains greater manganese and less zinc than 
that from the Sterling Hill deposit.  Two compositional 
varieties of zincite are present which occur as (1) dis- 
crete grains disseminated with franklinite and willemite 
in calcite and as massive granular aggregates with ad- 
mixed franklinite and willemite and (2) fracture-fillings 
in franklinite, respectively. 
Zincite that occurs as discrete grains is character- 
istically low in FeO (iron expressed as FeO) and generally 
contains less than 0.5 weight percent of FeO; $nO ranges 
from 0.5 to 2.5 weight percent.  The weight ratio MnO/FeO 
is always greater than 1.0. 
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Figure 32. Compositional Correlations Between Elements in 
Willemite and Franklinite. A) The weight percent MnO in discrete 
willemite grains (WILL) is plotted against the weight percent MnO 
of the average franklinite analysis of the same sample (FR). o, 
•, and o indicate red willemite and franklinite coexisting with 
red willemite, black willemite and franklinite coexisting with 
black willemite, and brown willemite and franklinite coexisting 
with brown willemite, respectively. 
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Figure 32 (cont'd.). B) "The weight percent FeO (iron expressed 
as FeO) in discrete willeiiaite grains (WILL) is plotted against the 
weight percent Fe203 (iron expressed as Fe203) of the average frank- 
linite analysis of the same sample (FR). The symbols are the same as 
in Figure 32A. 
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Figure 32 (cont'd.). C) The weight percent ZnO in discrete 
willemite grains (WILL) is plotted against the weight percent ZnO 
of the average franklinite analysis of the same sample (FR).  The 
symbols are the same as in Figure 32A. 
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TABLE 11.  REPRESENTATIVE ELECTRON MICROPR0BE 
ANALYSES (WT %) OF ZINCITE 
1 2 3 4 5 6 7 
ZnO 98.3 97.6 98.0 98.4 96.5 99.1 98.7 
KnO 1.6 1.8 2.2 1.9 2.3 0.8 0.8 
FeO 0.2 • • 0.3 0.3 0.3 0.3 0.3 
M90 MA NA NA 0.2 0.2 0.1 0.1 
A1203 • • 0.9 
100.3 
. . 0.2 
101.0 
0.2 
99.5 
0.1 
100.3 
0.1 
Total 100.1 100.5 99.9 
ftaO/FeO 8.0 ._ . • • 7.3 6.3 7.7 2.7 2.7 
8 9 10 11 12 13 14 
ZnO 98.3 97.9 97.2 98.5 98.9 96.0 100.0 
MnO 1.5 1.9 0.8 0.8 1.7 0.3 2.4 
FeO 0.2 0.3 2.2 1.5 0.2 0.0 2.6 
MgO Tr Tr NA NA Tr 0.0 0.2 
AI2O3 Tr 
100.0 
• • 0.9 
101.1 
0.1 
100.9 
0.2 
101.0 
0.0 0.9 
Total 100.1 
MnO/FeO 7.5 6.3 0.4 0.5 8.5 ..... j 
Note: All iron is expressed as FeO. Tr indicates 
less than 0.1, .. indicates not detected, and NA 
indicates not analyzed. 
1. Sample 2-2b, average of 4 grains. 
2. Sample 4-11, 553-5. 
3. Sample 4-15, average of 2 grains. 
4. Sample 5-3, Z8-2. 
5. Sample 5-4, Z14. 
6. Sample 5-5, average of 6 grains. 
7. Sample 5-7, average of 2 grains. 
8. Sample 7-2, average of 2 grains. 
9. Sample 7-4, average of 2 grains. 
10. Sample 4-11, fracture filling F(2) in frank- 
linite. 
11. Sample 5-7, fracture filling F(3) in frank- 
linite. 
12. Average of 33 analyses of discrete zincite 
grains. 
13. Minimum values of average zincite analyses. 
14. Maximum values of average zincite analyses. 
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" i r. c i t e t h At occurn as fracture-fillinos in f r a n k - 
1 ! n i t«! h a r. ;i higher F e ''> content a n d a 1 o v e r Mn n cnr.t« n t 
t h a n t h c   d i s c rote qrair.s of zincite.  F c O ranqcs fror 1.2 
to 2.7 weicht percent whereas MnO is tynicallv less than 
1.0 weight percent.  The weiqht ratio MnO/Feo is always 
less than 1.0.  The compositional and textural differences 
tetween .the two types of zincite indicate that at least 
two qenerations of zincite are present in the Sterling Kill 
d.epos it. 
There is a good correlation of ZnO with MnO in dis- 
crete zincite grains (Fig. 33A), which suggests a simple 
+ 2 +2 
substitution of Mn   for Zn   in the zincite structure. 
ZnO in zincite varies independently of FeO, and MnO and 
FeO in zincite vary independently of each other (Figs. 33B 
and 33C) which indicates a simultaneous substitution of 
+ 2 ,.   .   .    +2    ,   + 2 Fe   for both Zn   and Mn 
It was not possible to determine the compositional 
variation of zincite with, distance from the footwall or 
the hanging wall.  At each sample location, zincite was 
not present in a sufficient number of samples to make such 
a comparison feasible.  This reflects the restricted occur- 
rence of zincite in the zincite band (for example, at the 
sample location of Series No. 2).  At locations where 
zincite is not restricted to the zincite band (e.g. the 
sample location of Series No. 5), the occurrence of the 
zincite assemblage may be due partly to tectonic transport 
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Figure 33. Variation Diagram for Zincite. The variation dia- 
gram is based on electron microprobe analyses of zincite. A) The 
weight percent ZnO is plotted against the weight percent MnO in 
zincite.  o and O indicate zincite that occurs as discrete grains 
and zincite that occurs as fracture fillings in franklinite, re- 
spectively. 
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Figure 33 (cont'd.). B) The weight percent ZnO is plotted 
against the weight percent FeO (iron expressed as FeO) in zincite. 
The symbols are the same as in Figure 33A. 
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Figure 33 (cont'd.). C) Hie weight percent FeO (iron expressed 
as FeO) is plotted against the weight percent MnO in zincite. The 
symbols are the same as in Figure 33A. 
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125 -, 
.■'.•■;.rinc    :-. 1 a n t i c   defornatior.   and    f c- w o > f  t. hi C*  r*; A r b 1 C V J 
d er,c« c * t h i fs car, be so « n a t t h e sa r. pie locatio r. n f K eric f, 
?.v, . .■ , where boud.ir. s of the r. incite band enclosed in r.,u- 
Me have beer, torn off and displaced fror the ma i r, rincite 
b a r. d .  Sufficient data fror. zincitc was n o t o b t a 1 ned t o 
rerr.it conclusions reqardinq intraqranular and interaranu- 
1 a r c h e IT: i c a 1 h en o g e n e i t y . 
The compositional trends in zincite compared with 
that of the average franklinite analysis from the same 
sample was determined by clotting the weight percent of FeO.. 
(iron expressed as FeO), ZnO, and MnO in zincite against 
the weight percent of Fe.O. (iron exoressed as Fe.O J , ZnO, 
and MnO in the average franklinite analysis for the same 
sample (Fig. 34).   ZnO and FeO from discrete zincite grains 
show no systematic variation with ZnO and Fe.O, in frank- 
linite, respectively (Figs. 34A and 34B); rather they show 
a random scatter.  MnO in discrete zincite grains shows a 
strong positive correlation with MnO in franklinite.  This 
suggests that the manganese content of each zincite crys- 
tal was fixed during metamorphism by the initial bulk com- 
position of the immediate volume of rock in which it occurs 
GAHNITE 
Gahnite occurs in micro-intergrowths with franklinite. 
Typical electron microprobe analyses of gahnite, the cor- 
responding cation percentages per 100 cations, the octa- 
hedral and tetrahedral site occupancies in the spinel 
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Figure 34. Compositional Correlations Between Elements in 
Franklinite and Zincite. A) The weight percent ZnO in discrete 
zincite grains and zincite that occurs as fracture fillings in 
franklinite (ZINC) is plotted against the weight percent ZnO of 
the average franklinite analysis of the same sample (FR).  o and 
Q indicate discrete grains of zincite and coexisting franklinite 
and zincite that occurs as fracture fillings in franklinite and 
coexisting franklinite, respectively. 
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Figure 34 (cont'd.). B) The weight percent FeO (iron expressed 
as FeO) in discrete zincite grains and zincite that occurs as frac- 
ture fillings in franklinite (ZINC) is plotted against the weight 
percent Fe203 (iron expressed as Fe203) of the average franklinite 
analysis of the same sample (FR). The symbols are the same as in 
Figure 34A. 
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Figure 34 (cont'd). C) The weight percent MnO in discrete grains 
of zincite and zincite that occurs as fracture fillings in franklinite 
(ZINC) is plotted against the weight percent MnO of the average frank- 
linite analysis of the same sample.(FR). The symbols are the same as 
in Figure 34A. 
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H t r u e t. u r e (cal c u late d h v t h e   r.ethod u n e d for franklir.ite) , 
A r; 1 ?he voicht percent of ferric and ferrous iron C cal- 
culi ted hv the net hod used f or ■ f ran k 1 i n i t e )    are oiver. in 
Table 12'.  The unusually high totals are due to matrix 
effects from the franklinite host.  The analyses show 
that the qahr.i te contains appreciable iron, and, as suq- 
qested by the method of calculation used in this study, 
j 
that most of it is ferric iron. 
lahnite-franklinite intergrowths are restricted 
areally in the mine to those samples in croximity to the 
pyroxene zone (Fig. 2).  Furthermore, with the exception 
of sample 3-5 and ,a very limited occurrence in sample 
6-11, the qahnite intergrowths are restricted to frank- 
linite which contains greater than 2.0 weight percent of 
Al.O,.  Assuming that the solubility of aluminum in frank- 
linite increases with increasing temperature, a homogene- 
ous aluminum-rich spinel should be stable at high tempera- 
ture.  Cooling of such a homogeneous spineVwould result 
in exsolution of lamellae of gahnite-rich solid solution 
oriented parallel to (100) of a host of less-aluminous 
franklinite solid solution.  The limited distribution of 
the gahnite suggests that most of the original sediment 
prior to metamorph;jLsm had a very low aluminum content and 
that only locally was there a sufficient concentration of 
aluminum to produce the relatively Al-rich spinel (analyses 
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TABLE 12. REPRESENTATIVE ELECTRON Ml CROP ROBF, 
ANALYSES (VfT %) OF GAHNITE 
n 1 2 3 4 5 6 7 
ZnO 41.9 42.0 41.9 42.0 40.9 8.5 24.2 
A1203 51.6 SI.7 48.5 51.4 50.1 1.3 5.1 
FeO 9.2 8.6 11.0 8.7 11.2 81.5 59.0 
MnO 0.9 0.7 0.6 0.7 0.4 1.3 7.3 
MgO NA NA NA NA NA 0.1 0.8 
Total 103.6 103.0 102.0 102.8 102.6 92.7 96.4 
Atoms/100 i Atoms 
Zn 31 32 32 31 31 8 24 
Al 61 60 58 61 60 2 8 
Fe 8 7 9 7 9 88 59 
Mn 1 1 1 1 0 1 8 
Hg 0 0 0 0 0 0 2 
Tetrahedral Sites per 32 Oxygens 
Zn 7.4 7.4 7.6 7.4 7.3 1.9 5.8 
Fe 0.3 0.3 0.2 0.3 0.5 5.6 0.2 
Mn 
Mg 
Sum 
0.2 0.2 0.2 0.2 0.1 0.3 2.0 
7.9 7.9 8.0 7.9 7.9 7.8 8.0 
Octahedral Sites per 32 Oxygens 
Al 14.6 14.6 14.0 14.6 14.3 0.5 1.9 
Fe ,1.5 1.4 2.1 1.4 1.8 14.6 14.2 
Sum 16.1 16.0 16.1 16.0 16.1 15.1 16.1 
FeO* 1.6 1.5 0.9 1.4 2.4 21.5 0.6 
Fe203* 8.4 7.9 11.2 8.1 9.8 66.6 58.4 
Notes:  All iron is expressed as FeO and NA 
indicates not analyzed. 
♦Method of calculation equivalent to that 
employed for franklinite. 
1. Sample 4-16, G7. 
2. Sample 4-7, G4. 
3. Sample 4-12, G2. 
4. Sample 4-13, G6. 
5. Sample 3-5, G9. 
6. Sample 3-5, broad beam analysis of 40x40 
micron square area, representative of the bulk 
composition of the original homogeneous spinel. 
7. Sample 4-12, broad beam analysis of 40x40 
micron square area, representative of the bulk 
composition of the original homogeneous spinel. 
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*'■    ,u.-! "f in Table 12)    which, on cool in a, yielded nahnite 
,t 'i r 5 n u t e e x.iolutic r. b odies. 
The sicro-tcxturc of the q a h r. i t e - f r a r, k 1 i n i t e inter- 
arovth (fiq. 95 typically shew two sires of oriented 
qahnite- ex.solution bodies in a 'matrix of franklinite. 
The larae precipitates of gahnite are euhedral and ranqe 
in size Iron 10 to 50 microns.  Surrounding these larae 
precipitates are reqions of franklinite virtually free of 
exsolution bodies.  Between the rows of the large preci- 
pitates and their precipitate-free regions occurs a very 
intimate gahnite-franklinite micro-intergirowth which con- 
sists of minute oriented exsolution lamellae of gahnite 
up to 2-microns thick in a matrix of franklinite.  The two 
discrete sizes, of gahnite exsolution bodies appear to 
have the same orientation with respect to the franklinite 
host.  Two interpretations of this texture may be consider- 
ed. 
The classical interpretation (Ramdohr, 1969) is that 
such textures record a two-stage cooling history, namely, 
an initial period of cooling from high tempreature during 
which relatively large gahnite plates exsolved from an 
originally homogeneous aluminum-rich spinel followed by a 
second cooling period at relatively low temperature during 
which the smaller gahnite lamellae exsolved. 
Alternatively, a single-stage cooling cycle, which is 
perhaps a more probable explanation of such textures, is 
1
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s u <x a c s t e d ' h y the fornatior. of the W idiaanstatten str u c t u r e 
and plcssitc in iron meteorites {Wood, 1968).  As a result 
c f t. h e d tcreascd solubility of aahnitc in franklintte d u r - 
inq cooling, qahnite lamellae would nucleate and qrcv. 
Durinq continued cooling, these qahnite crystallites would 
increase in size as they attempt to maintain chemical 
equilibriuB with the host £ rankl i r.i te .  However, the dif- 
fusion rates of the qahnite-forminq components would de- 
crease with falling temperature so that the composition 
of the host franklinite would increasingly deviate from the 
equilibrium composition.  At some relatively low tempera- 
ture the franklinite would have such a disequilibrium com- 
position that it would spontaneously break down to an 
abundance of minute gahnite crystallites in a low-aluminum 
hos t. 
A traverse with the .electron microprobe was made 
—\ 
> >'■ 
across a gahnite-franklinite interface in a gahnite-frank- 
linite intergrowth in sample 4-13s.  Data were taken at 
2-micron intervals from, the center of a gahnite inclusion 
into the surrounding franklinite.  The results of the tra- 
verse for FeO (iron expressed as FeO), ZnO, MnO, and 
Al_03 are presented in Figure 35.  The profiles for man- 
ganese and aluminum are interesting in that they show, 
respectively, a zone of greater-than-average MnO concen- 
tration (the average MnO concentration for franklinite 
from the sample is 9.5 weight percent) and a zone of ALO. 
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Figure 35. Electron Microprobe Franklinite-Gahnite Traverse. 
The figure presents the results of an electron microprobe traverse 
made across a franklinite (FR)-gahnite (G) interface from sample 
4-13. Note the zone of greater-than-average MnO concentration and 
a zone of AI2O0 depletion in the franklinite that surrounds the 
gahnite inclusion.  Iron is expressed as FeO. 
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depletion (the a %' craae A ! ., C ^ c o n c entra t icr. for f rnnkl init <* 
fror the naaolc is 3.8 weiaht percent) in the f r ar.k Vi n i t * 
w!'. i c h s u r r o u n d s the qahni to inclunio r. .  Clearl y , d u r i r, o 
qrovth of the qahr.itc inclusion a concentration gradient 
of panqar.cse and aluminum developed.  As coolir.a continued, 
the diffusion rates of manqanese and a 1 uminur. became i n- 
siqnif icar.t and the concentration aradients became frozen 
into the host franklinite. 
Cooling rates may be calculated from the concentration 
gradients'.  To do this, however, pertinent portions of the 
relevant phase-equilibrium diagrams and the .diffusion 
coefficients of the constitutent elements in the appropri- 
ate matrix must be known.  Such a model has been developed 
to determine cooling rates and has been applied-to .hexahe- 
drite meteorites (Randich, 1975).  However, before such 
models can be applied to the gahnite-franklinite inter- 
growths, the phase-equilibrium relationships in the 
ZnAl.O.-ZnFe.O. binary system and the diffusion coeffici- 2 4      2 4       i       i 
ents of zinc, aluminum, iron, and manganese in franklinite 
must be determined experimentally.  Neither the phase- 
equilibrium diagram nor the diffusion data are known. 
TEPHROITE V 
Good electron microprobe analyses of tephroite were 
difficult to obtain because tephroite only rarely occurs 
as discrete grains and is commonly int.ergrown with wil- 
lemite which it replaces.  These irregular tephroite- 
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v i i 1 e r- i t «:* intercjrovths arp d i f f i c u It to a r. a 1 y ?. o b e c a u s « 
of wall effects.   In adds tior. , it shoul d b e note d    1h A t 
f- x i d e s t a n c! a r d s rather than silicate stan d srds were 
u ;; e d.  Typical analyses of tephroite, cations ner 2 4 
oxynens, and the molecular nronortions of the end ncs- 
ber's tephroite, willemite, forsterito, and favalite are 
qiven in Table 13.  The low sum of tetrahedral cations 
per 24 oxygens and the high sum of octahedral cations of 
analyses 1 and 3 suqqests that perhaps some of the man- 
+ 3+4 qanese may be Mn   or Mn   and thus tetrahedral and/or 
that some of the Mg may be tetrahedral. 
As noted above, quantitative data on the range of 
composition of tephroite was not obtained so that all of 
the following discussion is based on limited data.  These 
data suggest that tephroite may have a wide range of com- 
position.  The concentration of manganese, and to-a lesser 
extent, of zinc, Vary inversely with the total amount of 
magnesium present.  FeO (iron expressed as FeO) seems to 
be highest in discrete tephroite grains from samples in 
which willemite is absent.  Thus, the tephroites analyzed 
are not tephroite sensu stricto i.e. Mn„Si04; they are 
complex solid solutions ranging from almost ideal tephroite 
through picrotephroite. 
Specimen current images obtained with the electron 
microprobe suggest that the tephroite-picrotephroite solid 
solution series in the Sterling Hill deposit is not con- 
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TABLF! 13.  REPRESENTATIVE ELECTRON MICROPROBE 
ANALYSES (WT %) OF TEPHROITE 
1 2 3 
MnO 62.8 47.9 31.8 
HqO 9.1 14.2 32.4 
ZnO 3.4 5.5 3.9 
FeO 0.1 0.9 • • 
Sio2 26.0 32.5 31.2 
A1203 • * Tr 
101.0 
* * 
Total 101.4 99.3 
Octahedral Sites per 24 Oxygens 
Mn 10.5 7.4 4.6 
Mg 2.7 3.9 8.2 
Zn 0.5 0.7 0.5 
Fe - 0.1 - 
Sum 13.7 12.1 13.3 
Tetrahedral Sites per 24 Oxygens 
Si          5.2     6.0 5.3 
Al         - 
L
             Sum         5.2     6.0 5.3 
Molecular % of End Member 
Mn2Si04    77      61      35 
Mg2Si04    20      32      62 
Zn2sio4     3       6       3 
Fe2Si04     -       1       - 
Note: All iron is expressed as FeO. Tr indi- 
cates less than 0.1 and .. indicates not detected. 
1. Tephroite T3, sample 4-12. 
2. Tephroite T13, sample 5-4. 
3. Tephroite T8-1, sample 5-5. 
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»;. i r. u o w s   !"■ ut consists of discrete compositional ranqcs,  Ir. 
finure 76, tephroito solid solution (I and T portions of 
t h o picture) have partly replaced willenite {W) .  Sctsi- 
quantitative electron nicrorrobc analyses of this inter- 
arovth are given in analyses 1, 2 , and 3 in Table 14.  The 
data indicate that the (I) and (T) areas represent differ- 
ent compositions in the tephroite-picrotephroite-forsterite 
solid solution series.  The (T) areas can be expressed as 
Te ' nFocnKi, and the (I) areas can be expressed as Te, ,Fo 28584 c 14 
w i A.  The residual unreolaced willemite is enriched in 
y ■        .        ■ ■ 
76 
magnesium relative to willemite from areas of the mine that 
show little or no tephroitization (compare the MgO contents 
of willemite from Table 9 with that of analysis 3 in Table 
14), and thus, magnesium has replaced zinc in willemite 
before the introduction of manganese to produce tephroite 
solid,solution. * The absence of zincite suggests that zinc 
was transported away from the volume represented by this 
picture. 
From the preceding  discussion, it appears that con- 
tinuous compositions through the tephroite-forsterite solid 
solution series are not present; instead there appears to 
be a discrete manganese-rich magnesium-poor phase and a 
manganese-poor magnesium-rich phase.  More analytical data 
are necessary to establish the compositional limits of 
each of these phases. 
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Figure 36.  Specimen Current Image of Tephroite 
Replacing Willemite.  Specimen current image obtained 
with the electron microprobe shows red willemite (W) 
being replaced by magnesium-rich tephroite (T) and a 
tephroite of intermediate composition (I).  The absence 
of a zinc-rich phase such as zincite suggests that zinc 
was transported out of the area of this picture.  See 
Table 14 for qualitative electron microprobe analyses 
of the phases present.  Sample 5-6. 
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TABLE 14.  ELECTRO?! MICROPROBE ANALYSES <WT %) OF 
WILLEMITE-TEPHROITE INTERGROWTHS 
1 . 2 3 4 5 
HnO 34.2 14.0 3.5 47.4 16.4 
HgO 30.3 40.3 8.8 14.0 0.7 
ZnO 4.4 9.8 57.2 5.4 57.3 
FeO • • 1.2 • • 0.9 0.2 
S102 31.1 34.7 30.5 32.1 25.4 
A1203 • "• • • . . 0.1 
100.0 
0.1 
To ta 1 100.0 100.0 100.0 100.0 
Raw Total 103.8 102.3 104.5 100.9 117.3 
Octahedral Sites per 24 Oxygens 
Mn 5.0 1.9 0.6 7.4 3.1 
Mg 7.8 9.6 2.6 3.9 0.2 
Zn 0.6 1.2 8.5 0.7 9.4 
Fe - 0.2 - 0.1 - 
Sum 13.4 12.9 11.7 12.1 12.7 
Tetrahedral Sites per 24 Oxygens 
Si 5.4 5.6 6.1 5.9 5.6 
Al - - - - - 
Sum 5.4 5.6 6.1 5.9 5.6 
Molecular % of End Member 
Mn2Si04 38 14 5 61 24 
Mg2sio4 58 76 22 32 2 
Zn2Si04 4 .9 73 6 74 
; Fe2sio4 mm 1 mm 1 ~ 
Note:  Iron is e: xpressed as FeO and .. . indi- 
cates not detected. All analyses have been 
recalculated to 100 percent due to difficulty 
with wall effects. 
1. Figure 36, dark grey area (T), Mn-rich 
tephroite T3-12, sample 5-6. 
2. Figure 36, grey area (I), Mg-rich 
tephroite T3-13, sample 5-6. 
3. Figure 36, light area (W), willemite 
W3-11, sample 5-6. 
4. Figure 37, dark area (T), Mn-rich 
tephroite T13, sample 5-4. 
5. Figure 37, light area (W), willemite 
Wl, sample 5-4. 
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" i a u r c 3 7 s hows a picrcteph r o itc solid solution { T ■' 
r c j; lac i r. a wi llcnite ( W ) .  A r. a 1 y sen •• and S i r.   7 a b I e    1 4 
'.'live the electron ni croc robe analyses of the phases.  NV-. t. e 
t h at nanqanforsterite (nacr.esiuo-rich nar.oanc *; e - p o o r p h a s e ; 
I in :-"* i fj u r e 3 6, analysis 2 in Table 14) is absent, and t h a t 
the villesr. ite is not enriched in aagnesius with rcsoect to 
willemite from.areas of the mine that show little or no 
tephroitization (compare the MgO content of willemite from 
Table 9 with analysis 5 in Table 14).  As the samples re- 
presented by Figures 36 and 37 were collected within 1.4 m 
of each other, the replacement of zinc by manganese and 
magnesium occurred on a very limited scale. 
OTHER MINERALS 
Other minerals which were analyzed include an unknown 
silicate and hetaerolite.  Partial analyses of the car- 
bonate matrix for the ore minerals were also made.  The 
data are given in Table 15. 
Analysis 1 in Table 15 is of an unknown silicate ma- 
terial which occurs as a fracture-filling in franklinite. 
The hetaerolite (analysis 2) occurs as an inclusion in 
zincite. 
Analyses 3 through 7 are analyses of the carbonate 
matrix; CaO was not determined and the values for CaO and 
CO., given in Table 15 were calculated by difference.  Using 
these data, molecular end member percentages of calcite, 
rhodocrosite, magnesite, smithsonite, and siderite were 
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Figure 37.  Specimen Current Image of Tephroite 
Replacing Willemite.  Specimen current image obtained 
with the electron microprobe shows tephroite (T) re- 
placing red willemite (W).  The absence .of a zinc-rich 
phase such as zincite suggests that zinc was transported 
out of the volume represented by this picture.  See Table 
14 for qualitative electron microprobe analyses of the 
phases present.  Sample 5-4. 
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TABLE   15. REPRESENTATIVE   ELECTROM MICftOPRDBE  ANALYSES 
(MT %)   OF HETAEROLITE   AND  MARRLF 1 
1 2 3 4 5 6 7 
FeO 2.6 0.1 •  • 0.2 0.2 1.7 0.4 
ZnO 2.7 36.0 0.3 0.6 0.5 0.6 0.2 
HnO 0.2 61.5 10.5 10.0 58.4 20.1 3.7 
MqO 30.6 0.5 0.9 8.7 1.1 .   0.2 0,8 
A1203 0.2 Tr *   • ■   • •   •' • • •   • 
Sio2 63.0 Tr •   • •   • •   • • • •   • 
CaO 45.1 36.2 1.3 35.6 50.1 
C02 43.2 
100.0 
44.3 
100.0 
38.5 
100.0 
41.8 
100.0 
44.8 
Total 99.3 98.1 100.0 
Raw Total 11.7 19.5 60.2 22.6 5.1 
Molecular End Member % 
CaC03 82 64 3 66 92 
MnC03 16 14 93 30 5 
MgC03 2 21 3 1 2 
ZnC03 - 1 1 1 - 
FeC03 — **) mm 1 1 
Note: All iron is expressed as FeO.    Tr indicates 
and CO2 were not determined by electron microprobe 
analysis and were calculated by difference. 
1. Unknown material F(15) in sample 6-1. 
Hetaerolite H, sample 7—3. 
Calcite C, sample 7-4. 
Calcite Cl, sample 5-6. 
Rhodocrosite C2, sample 5-6. 
2. 
3. 
4. 
5. 
6. 
7. 
Calcite C, sample 6-11. 
Calcite C, sample 7-1. 
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c a 1 c u 1 a t. p d a r. d a re qi v en in Table 15.  Thus, the c a r b c r, a t r 
r h a s c r. a y b e   rnj". ace u r a toly d cscri b e c: as a nancan o a r. c a 1 - 
c i t e .  A r, a 1 y s is 5 is interesting ; in' t h a t i t. a r> r r o a c h e s 
r h o d c- c rosito in con position. 
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PRIMARY METAMORPHIC VERSUS SECONDARY ORIGIN FOR ZINCITE 
A !i s h o w n <* b o v c , s o m e o f t h o t. c n h r o i t e i :'. *: h e. r tor! in a 
K * i 1 d epor.it is R <» c o n d a r v after wi 1'lcr.ite.  7 i n c I i b e rate d 
r! •.: r .3 n c; t e n- h r oit iznt ion or s erper.t ini ratio n of v i 1 1 e nit e , 
3'S BUQqcsted by Metsqer et al.  (1958), could be derosited 
as zincite.  Such a .secondary oricin for rincitc in sun- 
ported, by the occurrence of zincite finely dispersed in 
willemite partly replaced bv tephroite.  Zinc might also 
be transported from the replacement front (Fias. 36 and 37) 
and deposited as fine granular zincite some distance away. 
A nossible examole in the Sterling Hill mine was reported 
by Metsger et al.  (1958).  They described a mass with the 
appearance of normal ore composed of franklinite and red 
willemite disseminated in marble.  However, the red wille- 
mite has been completely replaced by antigorite.  About 6 
meters from the serpentine-franklinite rock is a highly 
irregular brecciated mass of fine granular zincite with 
franklinite containing almost no willemite and no calcite. 
This zincite is probably secondary and represents zinc 
derived from willemite. 
Zincite not associated with tephroite occurs as dis- 
crete grains.  At the sample location of Series No. 2, 
zincite occurs as discrete grains with franklinite and 
red willemite in the zincite band.  Tephroite is absent 
from the zincite band although a band of tephroite occurs 
approximately 2 meters away.  It is possible that the 
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teph.ro ite !',4s completely replaced wSllecitc a.r/J that sir.-.- 
w a s    t r a n r» port e d a n d d c p o s i t e d a s s i r. cite i n f h e sine :■ t r 
band.  However, .thin appears unlikely inasmuch AS (I) 
:ir.cite occurs as discrete large orair.s 1 t o f? r.r. in ni s e 
a r. d r. c t an irregular f i n e 1 y dispersed grains, an d ( 2 }    it 
would be difficult to account for the form of the sincitc 
hand unless deposition of zinc occurred selectively in a 
favorable horizon.  At this location, the discrete grains 
of zincite probably have a primary metamorphic origin. 
Inasmuch as zincite occurs which coexists with un- 
altered willemite, not all of the zincite is considered 
to be of secondary hydrothermal origin and it is concluded 
that primary metamorphic zincite may be differentiated 
from secondary zincite on the basis of textural and mineral 
association.  Both varieties are present at the Sterling 
Hill deposit, that is, some zin,cite is of primary metamor- 
phic origin and some zincite is secondary. 
It was noted above that zincite which occurs as 
fracture-fillings in franklinite contains much more iron 
than does zincite which occurs as discrete grains.  How- 
ever, there appears to be no compositional difference be- 
tween discrete grains of zincite and finely dispersed 
zincite intimately associated with tephroitized willemite. 
Perhaps further study would reveal chemical criteria by 
which primary and secondary zincite might be recognized. 
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PRIMARY METAMORPHIC VERSUS SECONDARY ORIGIN FOP. TEPHROITE 
As shown above, some tephroite in the Stcrline Hill 
d enor.it is secondary after villerr. ite.  Discrete q r a i r, s -o f 
• i 
tephroite net associated with zincite occur, for example, 
he samole location of Series Ko These tcchroit e 
crrainr. night be interpreted as completely tephroitized 
w'illemite" qrains in which zinc has been "transported ' away'.  
However, inasmuch as tephroi te-f or s ter i t'e solid solution 
is a common constituent of metamorphosed manganese deposits 
(e.g. Morro da Mina,  Brazil), not all tephroite is secon- 
dary.  Discrete grains of. tephroite not associated with 
zincite are Drobably of primary metamorohic origin.  Pri- 
mary and secondary tephroite may, therefore, be distinguish- 
ed on the basis of texture and mineral associations; both 
varieties are present at the Sterling Hill deposit. 
In an attempt to develop chemical criteria to dis- 
tinguish primary metamorphic tephroite from secondary 
tephroite, analyses of intergrown tephroi^te-willemite pairs 
(of secondary origin) and of discrete primary tephroite 
(Table 16) along with the data from Tables 9, 13, and 14 
are plotted in terms of the molecular end members tephroite, 
willemite, and forsterite in Figure 38.  Tie lines connect 
coexisting tephroite-willemite pairs.  As can be seen from 
Figure 38, what is considered to be primary metamorphic 
tephroite is virtually indistinguishable from secondary 
tephroite except, that primary tephroite is slightly higher 
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ZnSK) 
2 4 
Mn2Si04 Mg2Si04 
Figure 38. Willemite-Tephroite-Forsterite Diagram for Willemite, 
Primary Tephroite, and Secondary Tephroite. Willemite, primary meta- 
morphic tephroite (determined on the basis of texture), and secondary 
tephroite (determined on the basis of texture) are plotted in terms 
of the molecular percentages of willemite, tephroite, and forsterite. 
Tie lines connect coexisting pairs of minerals, o, • , and □ indicate 
red, black, and brown willemite, respectively. x and ■ indicate pri- 
mary tephroite and secondary tephroite, respectively. 
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in   sine.  Tentativo!y, it is c o nc1ude d t hAt prin a rv 
t e:: h r c i t e c o n t a i n 5 rue h h, o re i r o n t h A r. soco p. d <n r v t c r- h r o 1 t o 
f ">~ K 1 
.1 b 1 c 1 f■• } , hu t f h • «? cor.cl u s i or. i s ba r,ed on 1 i « .;. t ed d a t a . 
A d e t a i 3 c d stud y o f h o t. h prinnr y nctaisorc h i c t e n h r c i t e -a n d 
t <* D h r o i t i z a (1   villemite should provide nu a n t. i t a t i. v e c h era c a 1 
criteria bv which they nav bo differentiated. 
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ORIGIN' OF FRANKLIKITF INCLUSIONS' IN WILLEMITE 
'•'. etr.o e r e t a 1 .  (1 9 5 8) attri b u t e d the o r i c in cf f r a n k - 
1 i r. it« i r, c 1 u r> ions in wiilcnite t. o scrpc n tin: r, a t i c> n o f 
wilier.: ie,  T h i s r> recess ha s its counter r> art in the forma- 
tion of magnetite during serpentinization of ohvinc. 
They suqqested that only magnesium was introduced and that 
the other cations were derived from. the .willemite itself.. 
This hypothesis explains the occurrence of serpentine- 
minerals in v-illemite, and accounts for the localization 
of franklinite inclusions along fractures and cleavage 
planes in willemite (Fig. 5). 
In the case of willemite containing friedelite, the 
solutions contained manganese rather than magnesium as the 
active cation.  Evidence for the introduction of magnesium 
and manganese is afforded by the replacement of willemite 
by teohroite solid solution (Figs. 36 and 37). 
As shown by this study, variety I franklinite inclu- 
sions in willem,ite have compositions which are virtually 
identical to the composition of the average franklinite 
composition of the same sample (Fig. 30).  The Fe:Zn:Mn 
ratio of franklinite inclusions produced by serpentiniza- 
tion of willemite will be governed by (1) the Fe:Zn:Mn 
ratio of the host willemite grain (Table 9), and (2) the 
amount of introduced manganese.  Inclusions produced by 
serpentinization of willemite, therefore, should have the 
composition of ferroan hetaerolite (Zn(Fe,Mn) O ) and not 
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h o c c n n o:; it i c n o f ic average frank! inite of t h e s A rs c 
n a n r 1 e. .  C c n s e o u er.t ly , the serper. tinization- h v r. othesin 
cannot account for the origin of variety I frank 1inite i n- 
elusions unless iron was introduced and zinc selectively 
removed.  Franklinite inclusions of variety I probably were 
tiny nuclei of franklinite that-were enveloped by the grow- 
ing willemite grain during metamorphism.  Textural evidence 
supports this conclusion inasmuch as variety I franklinite 
inclusions tend to be euhedral. 
The serpentinization hynothesis could account for 
variety II and variety III franklinite inclusions (inclu- 
sions that differ in composition from the average frankli- 
nite composition of that sample and inclusions that approach 
magnetite in composition, respectively) inasmuch as the 
franklinite inclusions would be expected to have a different 
Fe:Zn:Mn ratio than that of the average franklinite compo- 
i' 
sition of that sample as discussed above.  However, iron 
must be present in the metasomatizing solutions to produce 
variety II and variety III franklinite inclusions.  Tex- 
tural evidence supports this conclusion  inasmuch as 
variety II and variety III franklinite inclusions tend to 
be anhedral.  Nevertheless, more data is necessary to es- 
tablish the textural differences, between variety I, II, and 
III franklinite inclusions statistically. 
The source of the iron, magnesium., and manganese of 
the metasomatizing solutions could be the host carbonate. 
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The data in Table IS indicates that, the carbonate contains 
iron, r.n nga ne s e, and saqnesiun that, could be scavenged by 
hydrothermal fluids AS tenpernturcs waned.  Alternative!y, 
the cations could be derived fron anphibolite blockn or 
qneiss zones in the ore body. 
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^ 
ORIGIN OF THE STERLING HILL ZINC DEPOSIT 
HISTORY OF IDEAS ON" THF STERLING HILL DEPOSIT 
The F r a r; k ■ i i n and Sterli n n   Hill z i n c d c v c ? M 1 V Si   J s r, a v c A 
ur.ioue r. i r. e r a 1 o n v and qeocherr, istr v a nd thus c a n r. o t. b e 
n1 a c e d readi 1 y into any conventional class ificnti c n of or c 
deposits..  The oriqir. of these deposits has Ionc; beon an 
eniqna, and the proposed hypotheses regarding their origins 
span the range of theories on the origin of mineral de- 
posits in general and reflect the evolution of the science 
 - 4 
of mineral deposits over the last 150 years.  Much of the 
problem of genetic interpretation is due to the unusual 
mineralogy of the ore bodies, their complex structural and 
geological relationships with the surrounding rocks, and 
the ovemrint of high-grade regional metamorphism which 
has obscured the original mineralogical relationships in 
the rocks which constitute the ore zones.  Summary dis- 
cussions of ideas on the origin of these deposits are 
given by Spencer et al. (1908), Ries and Bowen (1922), 
Palache (1935), and pinger (1950).  Several of the more 
important genetic ideas are outlined below. 
Igneous Inj ection.  This hypothesis was first sug- 
gested by H. D. Rogers in 1836 and was adopted by Spencer 
et al. (1908) as the best of several alternative ideas. 
In this view, the ores at Franklin and Sterling Hill were 
considered to be liquids (rock melts) which were injected 
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i r. t o   ':. h *'? I i m *'* s t o n e like i <•; n o c us rocks.  T h 1 a h y r ethos i «•> 
c a n o r. 1 v <i c c o u n t for t h e n a s s i v e ore a n ri was reject e <l   b v 
» i e .«> a n d B o w en (19 2 2) as it coul d not explain t h e itah a r, d 
repp or texture of ore minerals disser. inated .in the .Frank- 
lin narMe.  Nevertheless, this view wan subscaucnt 1 y 
as maqrtatic iniections (vein-like dikes) of zinc-iron-nan- 
g a n e s e sulfides derived from a subiacent granite-monzonite 
batholith.  A post-magmatic increase in temperature pre- 
sumably resulted in desulfurization of the original zinc 
and iron sulfides and yielded the present oxide-silicate 
assemblage of ore minerals as well as the unusual zinc- 
and manganese-bearing silicates.  The strongest arguments 
against this hypothesis, as discussed by Palache (1935), 
are the unexplained source of oxygen required to produce 
the oxide mineralogy, the presence of abundant carbonate 
in the ore, and the difficulty of removing sulfur without 
removing C0«. 
Sedimentary Deposition.  William Kitchell, in 1855, 
suggested that the zinc ores were originally chemical 
sediments deposited with the enclosing limestone, and that 
the ore minerals resulted from metamorphic processes with 
little or no addition of material.  This view was held 
by geologists of the State.of New Jersey Geological Survey 
until 1896.  Pinger (1950) rejected this hypothesis on the 
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v ;x a u e c? r o u n d r; r. h a t sod i m e r, t a r v deposit: o n cannot  explai n 
the 2 oca I i zn t i o n of ore at the franklin nr.d    ptorlir. a H i 1 I 
s i n e s ; t h a t i •; , if the ores were or i a i r. a 1 1 y «? e d incnts, 
the ore should be gradational into the enclosino lir.es tone 
and, f u r t'hermor e, that weak mineralization should be found 
elsewhere in the district. 
Contact Metamorph i sm.  This hypothesis, which attri- 
butes the ore bodies to contact metasomatism related to 
intrusive pegmatite dikes, was proposed by Mason in 1890 
and adopted by Kemp in 1894.  However, they misinterpreted 
the relationship of the pegmatite dikes to the ore body. 
Ries and Bowen (1922) showed that the pegmatites in contact 
with the ore bodies are intrusive into them and, therefore, 
younger than the ore.  Other objections include the erratic 
distribution of pegmatites, the lack of relationship be- 
tween occurrence and quantity of ore at Franklin, and the 
ab.sence of pegmatites associated with the Sterling Hill 
ore . 
Replacement from Magmatic Hydrothermal Solutions.  Ries 
and Bowen (1922) adopted the idea that the ore minerals 
(willemite, franklinite, and zincite) were deposited directly 
from magmatic emanations from an unknown igneous source by 
replacement of the limestone.  They were not certain whether 
replacement preceded  or followed the folding, but suggested 
that it preceded  the folding.  Palache (1935) did not 
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favor t h i s h ypothcsl s because the cheni s t r y o f t he ore 
r. i n e rain rarip it unlikely t hat t h e y oriqir.ate d fc y d Irecc 
deposition f ror. aqueous nagmatic solutions.  Sue 'h a pro- 
cess t y oical ly yields metallic sulfides, but it is the 
absence of metallic sulfides that is one of the nost 
important characteristics of the ores of Franklin and 
Sterling Hill. 
Pinger (1950, p. 87) supported the hydrotherma1 
replacement hypothesis in very general terms, and con- 
cluded, "the only hypothesis of origin that fulfills the 
observed conditions is a replacement of favorable hori- 
zons in the folded structures by a primary oxide ore." 
He did not speculate on the chemistrv or the mechanics of 
deposition and emplacement of the ore. 
Ridge (1952) also favored hydrothermal replacement 
from magmatic solutions of unknown origin and presented 
a complex geochemical theory for ore deposition.  Accord- 
ing to. him, the hypothetical magma of the ore-forming fluid 
+ 3 had an unusual abundance of Mn  , which oxidized most of 
+2+3 +3 the Fe   to Fe   with the concomitant reduction of Mn   to 
Mn  .  The oxidation of ferrous to ferric iron resulted 
in an uncommonly high acceptance of magnesium in the ferro- 
magnesium silicates of the crystallizing magma and, as a 
+ 2 
result, little Mg   entered the hydrothermal ore-forming 
+ 2       +2 fluid.  The relatively low concentration of Fe   and Mg 
ions in the ore-forming fluid resulted in the deposition 
157 
■ f unusual. lov-Fe   and Mq " minerals rich in "n '  «r.d 
M et.asor.ati c 'p.cplaccBcnt or Surface W Catherine; Pol - 
loved by Bur ia 1 and Met atnorph isn.  Wolff (1903), Tarr 
(192°), and ralachc (1929, 1935) favored this hypothesis 
for the origin of the ore bodies.  Accordino to their view- 
point, the initial deposit consisted of hydrous iron-man- 
qanese oxides, hydrous zinc silicate (calamine), and per- 
haps carbonates of zinc and manganese which were considered 
to have been derived by surface weathering of a pre-existing 
sulfide deposit.  The deposit was subsequently metamorphosed 
and recrysta11ized to yield the. present mineralogy.  Palache 
■(1935) pointed out that, although" the composition of the ore 
of Franklin and Sterling Hill is unusual with respect to the 
association of zinc with both iron and manganese, metamor- 
phosed deposits of iron and manganese oxides are not unknown, 
To Palache, the presence of zinc in addition to iron and 
manganese merely indicated that the original deposition of 
iron, zinc, and manganese occurred under unusual conditions. 
Problems with this hypothesis include the requirement 
for total desulfurization of the original sulfide deposit 
and the lack of differential transport segregation of zinc 
and iron during weathering and oxidation of mixed sulfides 
of iron and zinc as is observed in many gossans (Pinger, 
1950). 
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KECKNT VIEWS 
In recent studies on the oriqin of the r r a r, k 1 i r, an d 
Sterling Hill 'deposits (Callahan, 196f>; Vetsger et. al . , 
19 6 9; F rondel, 1972; Frond el and Baun, 1974), the deposits 
are usually considered to be marine precioitatcs deDO sited 
on the sea floor.  The original precipitates are notvlooked 
upon as sulfides in view of the problem of desulfurization. 
Instead, carbonates of Fe, Zn, and Mn or hydrous oxides 
of Fe, Zn, and Mn such as woodruffite, hydrohetaerolite, 
chalcoph-anite, or amorphous gels are commonly invoked. 
After deep burial, the limy muds with their intercalated 
oxide-carbonate layers rich in Fe, Zn, and Mn were recrys- 
tallized during high-rank regional metamorphism to the oxide 
assembly currently observed.  Concurrently, these metal-rich 
layers were complexly folded.  The associated calc-silicate 
bodies represent beds or lenses of clay-rich—mud. 
Studies of the geochemistry and internal structure of 
the Franklin ore body (Frondel, 1972; Frondel and Baum, 
1974) suggest that the closest analogues of these deposits 
may be metamorphosed sedimentary iron-manganese oxide de- 
posits or metamorphosed volcanic-sedimentary iron-manganese 
oxide deposits.  The Franklin and Sterling Hill deposits 
are unique in that zinc is a major constituent in addition 
to iron and manganese. 
Franklinite is the counterpart of manganese-rich 
spinels and hausmannite in metamorphosed manganese deposits. 
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Tephroite is n   common component of nctanorphoserf nanqanene 
dcp-osits (Morro da Mina, .Brazil);  if zinc is dominant 
rather than aar.qanese, willeir. ite will develop.  ^incite 
may have developed through decowDOsition of zinc-carbonate 
and nay be analogous to manqanosite which formed'by thermal 
decomposition of rhodocrosite at Noda-Tanaqawa, Japan 
(Watan.abe et al., 1960).  The relationship of these de- 
posits to metamorphosed manganese deposits becomes closer 
if the calc-silicate zones are compared (Frondel, 1972; 
Frondel and Baum, 1974).  In metamorphosed sedimentary 
deposits these bodies commonly contain rhodonite, tephroite 
bustamite, alleghanyite, sonolite, manganophyllite, garnets 
of the spessartite-andradite series, jacobsite, galaxite, 
manganoan amphiboles and pyroxenes, and barium feldspars. 
Most of these minerals occur in the calc-silicate zones 
at Franklin and Sterling Hill. 
Minor and trace elements associated with marine and 
terrestrial deposits of manganese oxides are similar to 
those in the ores of Franklin and Sterling Hill (Frondel, 
1972; Frondel andBaum, 1974).  Ba, together with Sr, Pb, 
and K is present in such minerals as psilomelane, crypto- 
melane, coronadite, and.hollandite.  During metamorphism 
of these low-temperature minerals to newly formed oxides 
and silicates (rhodonite, tephroite, bustamite, etc.), 
Ba, Sr, Pb, and K are mobilized from Mn and enter such 
host minerals as feldspar or mica.  The trace elements 
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i u c h   a n   Co ,    N" i ,    €u ,    V ,    h$ ,    Sb ,    W ,    Be ,    a nd   B   wh ich   are   pre- 
T f* ! in the original nanqa.ncse oxides would be redistributed 
during nctanorphisa ar.or.q structurally suitable host min- 
erals. Boron is unioue among the trace elements in that it 
•is relatively abundant at Franklin and Sterling Hill and 
appears in the mineral sussexite. 
GENETIC ASPECTS OF THE STERLING HILL DEPOSIT AS REVEALED 
BY THIS STUDY 
The Sterling Hill and Franklin deposits are both part 
of a Precambrian metasedimentary and metavolcanic sequence 
of rocks.  There are no known demonstrably intrusive igne- 
ous bodies which could have served as a source of the ore- 
forming fluid; the small pegmatite and dark dike rocks at 
Franklin appear to be younger than the ore and, in any 
event, are not a very likely source.  Thus, it is logical 
to invoke a model in which the ore bodies are considered 
to be unusual chemical sediments intercalated with the en- 
closing carbonate muds in normal sedimentary succession. 
These Zn-, Fe-, and Mn-rich sediments were deposited dur- 
ing exceptional intervals when special conditions pre- 
vailed.  During subsequent folding and regional metamor- 
phism the ore bodies took on their present form as con- 
formable nappe-like structures in a folded carbonate 
sequence.  Regional metamorphism has obscured the original 
mineralogical composition of the sedimentary layers which 
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h e c i\ p. o t h c   o r c d e p o «? i t s a n d m u c h of t h e evidence for or i- 
a mal s t; d i r, e n t ar v structures,  A later period of h vd r o - 
thermal activity qave rise to exotic and unusual secondary 
minerals.  The Sterling d'enosit is relatively free of the 
hydrotherma1 overprint and crovides, thereby, a view of 
these deposits which is more indicative of the oremeta- 
norphic condition. 
Structurally, the Sterling deposit is an isoclinal 
syncline in which the ores are cornformable layers.  This 
is consistent with the model of a stratiform series of 
beds of sedimentary origin which were subsequently re- 
crystallized and deformed during regional metamorphism. 
Also in accord with a sedimentary origin, is the large 
areal extent of the original deposit if the Franklin and 
Sterling Hill deposits are considered to be disrupted 
parts of the same sedimentary sheet. 
The internal structure (mineralogical zonation) of 
the ore body is also consistent with a sedimentary origin. 
The ore is banded due to contiguous layers of different 
mineralogical composition which pinch and swell in thick- 
ness on a scale of centimeters along the strike.  The . 
bands appear to correspond to laminae and lenticles of 
variable composition in a sedimentary sequence.  The 
zincite band, as well as several black willemite bands 
that can be traced throughout the ore body, may be inter- 
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n r o t ed a « s c -5 2 rs e n tar v strata of d i s t i n c tivc conr o «; i t i o n 
.1 r. d r; e r h <i v n   (jreatcr arc.il cor. t i nuit v .  C h a r> qes in t h e 
chcr. ica! composition of the nincrals which constitute the 
ore o c c u r b o t h ncrner.dicular and parallel to the stri k e 
of the layerinq and this too i 53 consistent with a sedi- 
mentary o r i q i h nrovidir.q that the approach to e q u i 1 i - 
briur, durino metamorphism was controlled by the local 
hulk composition of the sedimentary rock.  The salt-and- 
pepper texture that dominates the bulk of the Sterling 
Hill ore also implies that the metals were finely dis- 
persed in the pre-metamorphic host rock which is also 
consistent with a sedimentary origin. 
However, it has been proposed earlier that the ore 
bodies resulted from selective replacement of favorable 
horizons in the original sedimentary sequence prior to 
metamorphism.  This mode of origin could account for all 
the textural features as well as the mineralogical zona- 
tion inasmuch as the. deposition of ore minerals would be 
controlled by the original compositional layering in the 
sedimentary rocks.  Nevertheless, if all the metals were 
introduced metasomatically, it would be more difficult 
to account for the heterogeneity in the ore-mineral com- 
positions inasmuch as hydrothermal solutions should have 
a relatively uniform Fe-Zn-Mn ratio from place to place. 
In addition, in virtually all known metasomatic ore bodies 
of zinc,  .   the zinc is expressed mineralogically as 
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tt u 1 f i c! e s .  T h us, tset a i o r. a t. i c re t> 1 a c e rr= o n t r* e e n .1 i r. v r o b n b i e 
f o i' t h o o riain of t h e o re at S t o r 1 i n cr H i 1 1 b"e c a u «t e o f t H «t 
n i n oral o q i c a 1 o c currence of the ?. i r. c unless the o r « w a n 
subsequently desulfurized.  T h ere- i r» no q.<to logical evi- 
dence" that. such, desulfurization occurred.  The view of 
Pa lac he (193 5) in which desulfuriz.ation occurred by weather- 
ing of sulf ides orior to metamorohism also a D p e a r s unlikely 
when one considers the areal extent of the zinc-rich layers 
prior to foldinq and the virtual absence of sulfur in the 
ore. 
If one accents the model of a carbonate mud contain- 
ing dispersed iron, zinc, and manqanese, one may raise 
questions regarding the oriqinal nature of the sediments 
and whether there are modern analogues.  Modern marine 
sediments forming in hot brine pools on the bottom of the 
Red Sea may be a modern analogue of the pristine state of 
the Franklin and Sterling Hill ores.  The typical modern 
Red Sea sediments are carbonate muds, but locally, the 
metal content of some of the sediments accumulating in 
the Red Sea brine pools range up to 21.0 percent of ZnO, 
85.5 percent of Fe.O,, and 5.7 percent of Mn„0,, and the 
principal constitutents of these largely gel-like sedi- 
ments are amorphous iron oxides and hydroxides, amorphous 
silica, goethite, hematite, dolomite, montmorillonite, 
anhydrite, siderite, rhodocrosite, sphalerite, pyrite, 
maracasite, and amorphous manganese oxides and hydroxides 
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(Dt-qcnn ami SOBS,  1967; Star.ton, 197 2) .  Also sianif icar.t 
is that Fed Sea brines are deficient in ? " relative to 
h e A v y retain.  .c u c h a noochenic.il association n i a) ■ t , u r> o n 
;t u b scoucr.t netamornhisE, oroduce the oxide a n d si 3 icato 
pincraloov of the Franklin and Sterling Hill ores. 
The bulk, of the original sediments at Sterling Hill 
and Franklin were nrobably carbonate muds.containino 
hiqhlv dispersed heavy-metal ions in some as yet undefined 
form.  This could account for the disseminated salt-and- 
pepper texture characteristic of the ore inasmuch as a 
mud dominated by oxide constitutents would probably have 
resulted in a more massive texture.  Low-temperature oxides 
such as woodruffite contain too little zinc relative to 
manganese to account for the zinc-rich nature of the ore 
minerals.  Furthermore, the decomposition of sedimentary 
Zn-Mn oxides cannot account for the presence of zincite in 
the deposits inasmuch as Zn-Mn oxides would yield hetaero- 
,lite or franklinite (in the presence of Fe) upon metamor- 
phism.  Zincite could be the product of thermal decomposi- 
tion of a carbonate. 
It is proposed that the sedimentarv progenitor of the 
ore body was a lens of carbonate mud in the sedimentary- 
volcanic sequence which was composed of zincian-ferroan- 
manganoan dolomite and a minor amount of silica gel and 
colloidal iron and manganese oxides.  During subsequent 
metamorphism, the dolomite would undergo dedolomitization 
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a n d qive r i '; e to a n o x i d e soli c! solution nlus a calcite , 
*s i". 1 1 c\ s o I u t i c n , The o x i -:! r> phase co u 1 d b e zincito or a 
spinel dependinq on the local cocDosition"of the dolomite" 
solid solution. The composition of the .soi r,e 1 veu 1 d de- 
pend on the bulk composition of the dolonite mud at that 
noint; in some places it could be franklinite, in others 
magnetite.  In addition, the composition of the spinel 
will be controlled by the local fC, which will qovern the 
+3+2 +3+2 
Fe  /Fe   and the Mn  /Mn   ratios.  The release of larqe 
amounts of C0o upon dedolomitization would result in the 
+ 2       +3 
oxidation of Fe   to Fe  , just as C0_ released during 
thermal decomposition of FeCO- will oxidize two-thirds 
of the Fe   to Fe   (Stern and Wise, 1969).  Manganese 
released during dedolomitization would be oxidized from 
Mn   to Mn   only in the presence of oxygen (Stern and 
Wise, 1969).  Zinc and manganese released during dedolo- 
mitization would probably combine with Fe   to yield 
franklinite. "  ^ 
If silica is present locally, the oxide solid solution 
produced on dedolomitization could react with it and wil- 
lemite and/or tephroite would result. Thermodynamic cal- 
culations indicate that at standard state (298 K, 1 bar) 
both willemite and tephroite are stable rather than their 
oxide components. Calculations at the estimated tempera- 
ture and pressure of metamorphism are hindered by the 
absence of data on the coefficents of thermal expansion, 
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ccnprcsnihi 1itv , and hioh-tennerature snecific-hcat data 
for villeritc And ten h r c i t. c .   Jr. the local a b sen c oof 
r* i i i c A   and oxides of iron and/or manganese, z i r. c i t e v o u 1 d 
be e x r e.c t o d to forn and persist.  "incite tr< i o h t also f o r a 
through the thermal decomposition of hydros incite if it 
was originally oresent in the carbonate mud (Jambor, 19 6 4). 
As noted in a previous section of this paper, the 
Franklin marble contains graphite.  However, the ore is 
free of oraohite and the ore body is enclosed in a graphite- 
free envelope.  The absence of graphite in the marble in 
close proximity to the ore suggests that CO  liberated 
during dedolomitization may have reacted with the graphite 
to produce CO.  This may account for the absence of gra- 
phite in the vicinity of the ore body. 
The process envisaged for the development of the ore 
minerals may be schematically outlined as follows: 
Dolomitic Mud 
(dolomite contains variable concentrations 
and variable proportions of Zn, Fe, and Mn in solid solution) 
+ 
Local Concentrations of Silica Gel 
and/or Oxides of Iron and/or Manganese ♦ 
Dedolomitization During Metamorphism and 
Reaction of Liberated ZnO (ss) with Constitutents in 
Local Volume on Scale of 0.1-10 mm . 
■ f—: ~ 
Zincite (ss) (where 
silica gel and oxides 
of iron and manganese 
are locally absent) 
t 
Willemite (ss) (where 
silica gel is present 
and oxides of iron 
and manganese are 
virtually absent) 
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1 
Franklinite 
(where silica 
gel is absent 
and oxides 
with a high 
Fe/Mn ratio 
are locally 
abundant) 
C o u I d s u c h a zinc- iron-na n a a n e r» <? d c 1 o r. i t e re n r o d\\ c e d 
h y c h entcai reaction of calcite prcciri t a t crt f r o r. n a r i n e 
v A t o r s v i t h h o t brines containing d i s s o 1 v e d zinc, iron, a r. d 
n a n a a n e ti o io n r. ? ■ Those n e c e s s a r y ■ c a t. i o n K rr. i a h t have b e e n 
leached fron the sedimentary-volcanic sequence of the 
Fran kl in-.Sterling Still area by heated brines in a manner 
analogous to the formation of metalliferous sediments form- 
ing at the present time at mid-oceanic ridqes (Bonatti, 
197 5).  However, there is no evidence to indicate that the 
Franklin and Sterlinq deposits once represented an ancient 
oceanic ridge.  The necessary cations could also have a 
volcanic origin. 
Complete solid solution at lov; temperature is possible 
between calcite, rhodocrosite, siderite, and magnesite 
(Wolf et al., 1967).  Kutnahorite (CaMn(CO ) ) has the 
dolomite-type structure.  Furthermore, ferrous iron com- 
monly substitutes for magnesium in ferroan dolomites (Graf, 
1960).  Hurlbut (1957) described zincian dolomite from 
Tsumeb, South-West Africa which contains 8.74 percent of 
ZnO (11 mole % ZnCO ), and Zabinski (1959) reported a 
zincian dolomite from the Warynski Mine, Upper Silesia, 
that contained 10.98 percent of ZnO (13 mole % of ZnC0_). 
Thus, it is reasonable to consider a hypothetical zinc- 
iron-manganese dolomite which upon metamorphism would de- 
dolomitize to calcite (ss) and an oxide (ss) of which the 
oxide (ss) might react locally with iron and/or manganese 
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o x i d e <■i a r. d / or silica to yield the nincra! ass fl R b laacs *t n c r. 
A t F r a n k I i n a r. d E t. crlir.s Hill. 
The temperature?; reached durinq rne t «ao r ph i sra should 
be sufficient to dedolonitize such a dolor-site.  Takahashi 
And Meyers (1963), on the basis ofthcrmodynanic considera- 
tions, concluded that the ores at Franklin'developed at 
o o temperatures between 557  and 827 c.  Frondel and Klein 
o o (1065) gave a minimum temperature between 650  and 700 C 
based on exsolution interqrowths of hetaerolite in frank- 
linite and the equilibrium diagram of Mason (1947) for the 
system Fe O -Mn,O -ZnFe^O. .  These temperatures are also 
consistent with the sil1imanite-grade mineral assemblages 
of the New Jersey Highlands.  The minimum temperature of 
metamorphism could also be calculated from the bulk compo- 
sition of gahnite-frankli'nite intergrowths described in 
this report but the required equilibrium diagram for this 
binary system has not been determined.  The pressures of 
metamorphism are probably on the order of several kilobars. 
Temperatures of metamorphism in excess of 650 C 
should result in dedolomitization of a dolomite in which 
massive substitution of Fe, Zn, and Mn for Mg has occurred. 
Hurlbut (1957) has shown that substitution of zinc for 
magnesium in the dolomite structure reduces the temperature 
of the first endothermic peak in DTA analysis, which cor- 
relates with the decomposition of MgCO, layers in the dolo- 
mite structure, from 815 C for a zinc-free dolomite to 
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7 2 S   c for a d o 1 o r. i t c h M c ■■''.' n 3.3 (atonic ratio}.  The 
dccarbonation temperatures of simple carbonates, the in- 
connrucnt neltir.q temperature of ca 1 c i te , and the dedoSo- 
,nit ir. ation temperatures for dolomite at total pressures 
of 1 and 2 kilobars are given in Fiqurc 39.  noteworthy 
are the low decarbonation temperatures of siderite and 
smithsonite relative to the other carbonates.  These data, 
toqether with the work of Hurlbut (1957), indicate that a 
dolomite in which there is appreciable substitution of 
iron and zinc for maqnesium would dedolomitize in the 
temperature ranqe of 500-700 C.  This temperature range 
is compatible with the estimated minimum temperature of 
metamorphism based on franklinite-hetaerolite exsolution 
intergrowths.  Although pressure will increase  the tem- 
perature of dedolomitization, the composition-dependence 
of this temperature is far greater than the pressure- 
dependence in the metamorphic pressure range (greater than 
1 kb) .  '   -\ 
Folding, dedolomitization, and metamorphic reactions 
were followed by a period of hydrothermal activity in 
which magnesium, manganese, and iron were transported. 
The source of these cations may have been adjacent calc- 
silicate or amphibolite blocks, or more likely, the calcite 
(ss) of the ore itself as it equilibrated to lower temper- 
atures in the presence of aqueous fluids and became more 
calcite-ric-b than the initial calcite (ss) formed at the 
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Figure 39. Decarbonation Temperatures of Carbonates. C, D, M, 
R, Si, and Sm indicate calcite, dolomite, magnesite, rhodocrosite, 
siderite, and smithsonite, respectively.  The incongruent melting 
temperature for calcite, rather than the decarbonation temperature, 
is given.  The data is from Clark (1966), French (1971), and Huang 
and Wyllie (1976).  o and • denote total pressures of 1 and 2 kb, 
respectively. 
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t i n e o f d o d o lonitizati c r. (5 i card a n d ■'.", o 1 d sr.it h , 1 <"> ('-• 1 5 . 
This r.f t« n o rn a t i s n res u 1 t o d i n partial s e r P t* n t i n i " a t i e> r. of 
wi lien i ?. e a n d s o rs o of the s n i n e 1 in c 1 u s i o n *■ in will c nitc 
(Metsaor et a 1 . , 19 5 8) . 
In samples from the cast 1 i n b of the ore hod y a r. d 
fror. sample locations near gneiss and amnhibolite units, 
manganese and, in places, maonesiurn replaced zinc in 
willemite thus nroducinci secondary tephroite durincr the 
hydrothermal period.  The liberated zinc may have been 
deposited nearby as secondary zincite (zincite intimately 
intergrown with tephroitized willimite) or may have been' 
transported and deposited at some unknown distance.  How- 
ever, inasmuch as discrete tephroite grains occur which 
do not coexist with zincite, and zincite occurs which co- 
exists with unaltered willemite, only part of the zincite 
and part of the tephroite is thought to be of hydrothermal 
origin.  In addition, during the period of hydrothermal 
alteration, fracture-fillings of willemite, tephroite, 
zincite and calcite developed in franklinite.  This may 
have been the period during which most of the unusual and 
exotic minerals at Franklin were produced. 
The hypothesis outlined above regarding the origin 
of the Franklin and Sterling Hill ores seems to be com- 
patible with much of what is known about these ore bodies. 
However, problems do remain.  For one, what has become of 
the large amount of C0_ which would have been liberated 
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durincr   do dr.- lor. i t i z a t. ion   of    the   r.etaj-l-earir.q   -de I o~> 1 t i c   r>ud 
y  I, 
considered to be the n-r ctiCr. i t or of the on1 :on«?  I? in 
n €> c e is s a r y t o d e v e 1 o o new criteria b v w h i c b, it is r o .1 5 i b 1 e . 
t c look throuq h the aetanor p h i c an d h v d r o t h crr.a! over- 
prints in order to determine the rr. i ner a 1 oq i c.a I nature of 
the oriqinal metal-rich sediment.   Perhaps qeocheaical and 
potro logical studies of these -deposits directed at the 
major mineral assemblages, rather than their exotic min- 
erals, might provide valuable insiqht on the pre-metamor- 
chic mineralogy.  Studies of the Sterling Hill deposit 
could be particularly fruitful in this regard because of 
the relative absence of hvdrothermal alteration. 
173 
REFERENCES CITED 
Hiiker, ■'« . n . and1 Buddinqton, A. r., 1970, "eoloqy and r.oa- 
r.ctite deposits of the Franklin quadrangle and nart of 
the Har.burg quadrangle, !Jew Jersey:  l'. S. Geol . Sur- . . 
ve v Prof. Parer 638. 
Bor.atti, E., 1975, Metalliferous deposits at oceanic s.pread- 
i n o centers: Ann. Review Earth and Planet. S c i. , v . ■ 3, 
c . 4 0 1 - 4 3 4 •. 
Boyd, F. R., and Finqer, L. W., 1975, Homogeneity of min- 
erals in mantle rocks from Lesotho:  Geophy. Lab. 
Report, Carnegie Inst. Wash. Yearbook 74, p. 519-525. 
Buseck, p. P.., and Goldstein, j. I., 1969, Olivine composi- 
tions and cooling rates of pallasitic meteorites: 
Bull. Geol. Soc. America, v. 80, p. 2141-2158. 
Callahan, W. H., 1966, Genesis of the Franklin-Sterling, 
New Jersey, ore bodies: Ec. Geol., v. 61, p. 1140- 
1141. 
Clark, S. P., 1966, High pressure phase equilibria, in, 
Clark, S.P.,  (ed.), Handbook of ■physical constants: 
Geol. Soc. America Mem. 97, p. 358. 
Dallmeyer, R. D., Sutter, J. F., and Baker, D. J., 1975, 
Incremental   Ar/  Ar ages of biotite and hornblende 
from the northeastern Reading Prong:  The bearing on 
late Proterzoic thermal and tectonic history:  Bull. 
Geol. Soc. America, v. 86, p. 1435-1443. 
Degens, E. T., and Ross, D. A., eds., 1969, Hot brines 
and recent heavy metal deposits in the Red Sea:  A 
geochemical and geophysical account:  New York, 
Springer-Verlag, 600 p. 
Evans, R. C., 1964, An introduction to crystal chemistry: 
Cambridge, Cambridge University Press, 410 p. 
French, B. M., 1971, Stability relations of siderite (Fe 
C( 
P. 
O ) in the system Fe-C-0:  Am. Jour. Sci., v. 271, 
37-78. 
Frondel, C, 1972, The minerals of Franklin and Sterling 
Hill: A checklist: New York, John Wiley and Sons, 
94 p. 
174 
Frondel, ('.,    and Sauer, L. H., 1955, Kutnahorite:  A 
n .1 n a a n e ««:r dolomite; _ OaMn ( CO 5 ., :  An. vineral . , v. -50, 
o .'  7 4 8 - 7 6 0 . '' '" 
"rondel, C., and Baum, 3.    I,. , 1974, Structure and min- 
eral oqy of the Franklin zinc-iron-aanqanese deposit, 
new Jersey:  Fc . ""eol., v. 69, o .- 157-180. 
Frond el, C . , and I to, ,7., 196 6a, Hendr ick s i te , a new 
specie• mica: An. Mineral., v. 51, o. 1107-1123. 
"rondel, C., and ito, 3.,    1966b, Zincian augite and jef- 
fersonite from Franklin, N.J.:  Am. .Mineral., v. 51, 
p. 1406-1413. 
Frondel, C, and Klein, C., 1965, Exsolution in franklinite 
Am. Mineral., v. 50, p. 1270-1280. 
Goldstein, 3 .    I . , and Colby, J. W., 1975, Special techni- 
ques in the X-ray analysis of samples, i_n, Goldstein, 
J. I., and Yakowitz, H., eds., Practical scanning 
electron microscopy:  New York, Plenum Press, p. 435- 
489. 
Graf, D. L., 1960, Geochemistry of carbonate sediments and 
sedimentary carbonate rocks: 111. Geol. Survey Circ. 
297, 298, 301, 308, and 309, 250 p. 
Hague, J. M., Baum, J. L., Herrman, L. A., and Pickering, 
R. J., 1956, Geology and structure of the Franklin- 
Sterling Area, New Jersey:  Bull. Geol. Soc. America, 
v. 67, p. 435-474. 
Harker, R. I., and Hutta, J. J., 1956, The stability of 
smithsonite:  Ec. Geol., v. 51, p. 375-381. 
Heard, H. C., and Goldsmith, J. R., 1961, Subsolidus phase 
relations in th( 
v. 69, p. 45-74 
e system CaCO_-MgCO,:  Jour. Geol., 
Huang, W. L . , and Wyllie, P. J., 1976, Melting relation- 
ships in the system Ca0-C0„ and MgO-CO  to 33 Kilobars 
Geochim. et Cosmochim. Acta, v. 76, p. 129-132. 
Hurlbut, C. S., 1957, Zincian and plumbian dolomite from 
Tsumeb, South-West Africa: Am. Mineral., v. 42, p. 
798-803. 
Hurlbut, C. S., 1961, Tephroite from Franklin, New Jersey 
Am. Mineral., v. 46, p. 549-559. 
175 
." iir.be r , „* . !,. , 19 64, Studios of basic corner and sine car; 
b o n a tes: I - s v nthet ic ;. inc carbonates And their rela- 
t ion t o h v d rozir. cite:  Can. ?■' i n oral,., v . 8 , p . (> 2 - 1 0 8 . 
r 
Kcnp, .* . P., 18 9 3, The ore deposits at Franklin Furnace and 
Hqder.sburq, ?■ . J . :  K.Y. Ac ad. 5c i. Trans., v. 13, v. 
7 6-96.- 
Kitcholl, W., 1836, First renort on the Geoloqical Survey 
o f !lcw Jersey. 
Long, L. P., and Kulp, J. L., 1962, Isotopic aqe study of 
the metamorohic history of the Manhattan and Reading 
Promts:  Bull.Geol. Soc. America, v. 73, p. 9 6 9-996. 
Mason, B., 1947, Minera logica1 aspects of the system Fe,0.' 
Mn,0.-ZnHn.O,-7.nFe.O. :  Am. Mineral., v. 3 2, o. 4 2 b- 
..34.     24      24 - ' 4 41. 
McSween, H. Y., 1976, Manqanese-rich ore assemblaqes from 
Franklin, New Jersey:  Ec. Geol., v. 76, p. 814-817. 
Metsqer, R. W., B. j. Skinner, and p. B. Barton, 1969, 
Structural interpretation of the Sterling Hill ore 
body, Oqdensburq, New Jersey (abs.) :  Econ. Geol., 
v. 64, p. 833 . 
Metsger, R. W., C. B. Tennant, and j. Rodda, 1958, Geo- 
chemistry of the Sterling Hill zinc deposit, Sussex 
County, New Jersey:  Bull. Geol. Soc. America, v. 69, 
p. 775-788. 
Huller, 0., and Roy, R., 1974, The major ternary structural 
families:  New York, Springer-Verlag, 487 p. 
Nason, E!. L. , 1894, The franklinite deposits of Mine Hill, 
Sussex Co., N.J.: Am. Inst. Mining Metall. Petroleum 
Engineers, v. 24, p. 121-130. 
Palache, C., 1929, Paragenetic classification of the min- 
erals of Franklin, New Jersey: Am. Mineral., v. 14, 
o. 1-18. 
Palache, C, 1935, The minerals of Franklin and Sterling 
Hill, Sussex County, New Jersey:  U. S. Geol. Survey 
Prof. Paper 180, 135 p. 
Pinger, A. W., 1950, Geology of the Franklin-Sterling Area, 
Sussex County, New Jersey:  Internat. Geol. Cong., 
Rept. of 18th Sess.  (1948), pt. VII, p. 77-87. 
176 
•'andohr ,    '-'.»'   l^(>^,    The   ore   s i r, e r a 1 r.   and   their    itit«r?:rf>vt.hs, 
I r 4 e d :?ew York, fcrqAnrn r r e <-. s , 1 1 £ c» n. 
*• <i n d i c h , K . , 19 7 5, Son-isot h e r n a 1 d i f f u s i c n control 1 c d 
n h a s e QT o v t h ir. t e r r. a r y % y stcr«? a n d its appl icatio r, « 
to iron r.eteorit e n : 
1 2 5 p . 
r >■■ r5 J h CSJS, ■ Chin?'; 'River 
tJ
. i d a e , . , 1 !> S 2 , The' qeochenistr v of the ores of Frank 
1 in, . e w j e r s e v r-'c Geol. v. 47-, P. 180-1:92 
P.ies, l! . , and Boven, W. C., 1922, ftriain of the sine ores 
of Sussex County, !!ew jersey:  Fc. Geol. , v. 17, p. 
517-571. 
Rogers, M. D., 1836 (Reprint from (First) Report on the 
Geoloqical Survey of the State of New Jersey, 1836). 
Rucklidqe, J., and Gasparrini, E. L., 1969, Empadr VII, A 
computer program for processing electron microprobe 
analytical data:  Dent, of Geoloqy, Univ. of Toronto, 
Toronto. 
Spencer, A. C., Kummel, H. B., Wolff, J. E., Salisbury, 
R. D.f and Palache, C. S., 1908, Franklin Furnace 
Folio:  U. S. Geol. Survey Atlas 161. 
Spurr, J. E., and Lewis, J. V., 1925, Ore deposition at 
Franklin Furnace, N.J.:  Eng. Mining Jour., v. 119, 
p. 317-328. 
Stanton, R. L., 1972, Ore petrology:  New York, McGraw-Hill 
Book Company, 713 p. 
Stern, K. H., and Wise, E. L., 1969, High temperature pro- 
perties and decomposition of inorganic salts.  Part 2. 
Carbonates:  Nat. Stand. Ref. Data Ser., Nat. Bur. 
Stand.  (U.S.), 30, 32 p. 
Takahashi, T., and Meyers, C. E., 1963, Nature of the ore- 
forming fluid for the Franklin and Sterling Hill 
deposits, N.J.:  Symposium, Problems of Ore Deposition, 
Internat. Geol. Cong., 22nd, Prague, p. 459-465. 
Tarr, W. A., 1929, The origin of zinc deposits at Franklin 
and Sterling Hill, New Jersey:  Am. Mineral., v. 14, 
p. 207-221. 
177 
Wa t a nabo, B . , V sto, A . , and 11 o , J . ,    i r» 6 C , The mineral s .o f 
the N'oda-Tananawa r.ine, ,'iipar.. I'l :  .Mineral Jour . 
Japan, v. 1,    p. 3 0-41. 
wilkcrson, A . S . , 19 6 2, The mineral r> o f r r a r. k 1 i n a r. d Ftcr- 
1ino Mill:  New Jersey "eol. Survev Hull..65. 
Wolf, F. !!., Chilingar, <" . V., Beales, F. W., 1967, Fle- 
- mental composition', of carbonate skeletons, minerals,; 
and sediments, ijn Chilingar, <"■.    V. , Bissell, H. j., 
and Fairbridqe, R. w., (eds.), Carbonate rocks:  Phy- 
sical and chemical aspects:  Mew York, Elsevier pub- 
lish inq Company, p. 2 3-149. 
Wolff, v7. E., 1903, Zinc and manganese deposits of Frank- 
lin Furnace, . N . J . :  U. S. Geol. Survey Bull., v. 213, 
D.214-217. 
Wood, J. A., 1968, Meteorites and the origin of planets: 
Mew York, McGraw-Hill, 117 p. 
Zabinski,  W., 1959, Zincian dolomites from the Warynski 
Mine, Upper Silesia (abs.):  Mineral. Abs., v. 16, 
■p. 279. 
Ziebold, T. O., 1969, Precision and sensitivity in electron 
microprobe analysis:  Anal. Chem., v. 39, p. 858-861. 
178 
APPENDIX I . COMPILATION:- OF -fM.E;CTP.O!r"HTCFOP,F08r AWA'LY'SKS  
All r av   ,\r.a 1 y t. ical data o 1-t a i ncd were corrected for 
fluorescence, atonic nur.her, and absorption effects by 
r.canfi of the Frapcir VII computer program of K'jcklidqc and 
'".asparrini (1 ° f<n)  .  The resultant corrected analyses are 
presented in this appendix.  Some elements were not anal- 
yzed in all.- grains that were used to compute an average 
analysis.  Concentration data for these elements were 
based on analyses from a more restricted number of'grains, 
but the results were considered to be the average value 
for that element (e.g. A1 - 0 _ for franklinite in sample 
2-lb).  This is justified because the range of intergranu- 
lar compositional variation of franklinite from the same 
sample was found to be negligible as compared to sample-to- 
sample compositional variation of franklinite. 
EXPLANATION OF SAMPLE NUMBERS 
Identification of Sample Location 
The sample number at the top of each page of analyses 
designates the location of the sample in the mine.  The 
first part of the number refers to the sample location 
Series No. and the se'cond part of the number refers to the 
specific position of the sample at that sample location 
Series No. 
A brief description of the location and mineralogy of 
the sample follows the sample number.  For a more detailed 
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t! e sc'r i p t. i or.   c f" t he sample, the section " Desc r i p t ior. of 
Sample Locations" located in the main part cf this paper 
Hh o u1d .b c consulted. 
Identification of Franklinite Analyses 
The first cart of the number above each .analyses 
refers to the particular franklinite grain, or part of a 
qrain in the sample; a second number after a hyphen refers 
to the position in the grain where the analysis was made 
with the electron microprobe.  In cases where the second 
number is absent, only one analysis was obtained for that 
grain.  The capital letters A, B, C, etc. which, in some 
cases, follow the first number, refer to different parts 
of a large grain.  For example, 8A-1 refers to a frank- 
linite analysis of spot 1 in part A of grain 8.  "I" 
followed by a designation in parenthesis refers to an 
analysis of a franklinite inclusion in willemite or 
tephroite; the designation within the parenthesis identi- 
fies the host grain (e.g. I2(W8-1) refers to franklinite 
inclusion 2 in willemite grain 1 in area 8) . 
Identification of Analyses of Other Minerals 
In those analyses in which prefix letters are present, 
W refers to a willemite analysis, Z to a zincite analysis, 
T to a tephroite analysis, G_to a gahnite analysis, H to 
a hetaerolite analysis, and C to a calcite analysis.  The 
first number after the letter refers to a particular area 
of the sample and the number after a hyphen refers to a 
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p a r t i c u lar ar.u r. wit h in t h a t are a    { e . -7 . V» 8-1 refer;*, x. o 
wlllcait e qrai n I. i. n a r e a R } .   In c a s e p. vh er« t. h e «i c c o « d 
n u T. b cr i n   a b s e r. t , t h e n u rr. h e r ,i'tor the letter refer n t e .1 
p a r t •. c.u 1 a r qrain ( e . a . W 2 refer?; t o villenitc a r n i. n 2 ) . 
For oahnitc analyses, the number after the letter indicates 
the franklinite in which the qahnite inclusion war. found. 
F followed by a designation in narenthenis refers to a 
fracture-filling in franklinite; the designation within 
the parenthesis identifies the host grain (e.g. F(3) refers 
to a fracture-fillinq in franklinite grain 3). 
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Sample 1-lA 
The sample is from the black villemite zone, north end (nose) of 
the vest limb, 4.5 a (15 feet) above the 104 m (340 foot) level (north 
end of the raanway, north end of the 800 longitudinal stop*). Frank- 
linite and black willemite are disseminated in calcitc. The grain- 
size range is approximately 2-5 am. 
1-1       1-2       1-3       1-4     I1(M1) 
Fe203 
ZnO 
MnO 
A12°3 
Total     100,83    100.35    100.64     99.85    101.82 
Fe203 
ZnO 
MnO 
A12°3 
Total 
Fe203 
ZnO 
MnO 
A12°3 
Total 
Fe2°3 
ZnO 
MnO 
74.68 74.50 74.79 74.15 74.70 
19.09 18.75 18.76 18.74 18.80 
5.73 5.89 5.81 5.85 7.48 
1.33 1.21 1.28 1.21 .84 
12(Wl)     13(Wl)     14(Wl)      2-1       2-2 
72.35 74.05 74.15 74.38 74.20 
18.31 17.66 18.16 18.54 18.57 
7.51 6.72 6.62 5.74 5.85 
.94 1.16 .97 1.11 1.12 
99.11 99.59 99.90 99.77 99.74 
2-3 2-4 2-5 2-6 2-7 
75.97 76.08 75.40 76.08 75.44 
19.01 18.87 18.72 18.71 18.91 
5.71 5.83 6.06 5.86 5.74 
1.22 1.25 1.32 1.20 1.24 
101.91 102.03 101.50 101.85 101.33 
3-1 11(W2) 12 (W2) 13(W2) 14 (W2) 
75.58 75.07 X649 76.20 76.43 
18.98 18.88 17T94 18.04 18.01 
5.72 5.86 6.65 6.94 6.59 
1.14 1.14 1.19 1.13 1.11 A1203     
Total     101.42    100.95    102757    102.31    102.14 
II(W3)     12(W3) 
Fe203 77.24 76.70 
ZnO 17.21 17.93 
MnO 6.24 6.33 
A1203 1.23 1.19 
Total     101.92    102.15 
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Sample 1-1A (cont'd.) 
Wl W2 
FeO 1.47 1.20 
ZnO 64.13 65.37 
MnO 4.13 2.61 
AI2O3     0.00 0.10 
Si02          NA 30.34 
MgO  NA 2.88 
Total 69.73 102.50 
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1A 1B-1 1B-2 1B-3 1B-4 
67.91 68.03 68.10 67.72 67.75 
23.12 23.06 22.83 22.75 23.90 
8.07 8.11 8.36 8.59 8.60 
1B-5 1B-6 1B-7 2-1 2-2 
68.36 68.29 68.15 68.04 68.24 
23.03 22.88 22.65 22.74 22.34 
8.80 9.17 9.23 7.78 7.67 
Sample 2-IB 
The sample is from 4.5 m (15 feet) above the 104 a (325-foot) 
level, footwall of the west limb near the-flexure. The sample is 
froei the contact between franklinite and red wellenite disseminated 
in calcite and barren calcite without franklinite and willeaite. 
The grain siie is approximately 1-5 sn. 
Fe2°3 
ZnO 
MnO                       
Total      99.10     99.20     99.29     99.06    100.25 
Fe203 
ZnO 
MnO 
Total     100.19    100.34    100.03     98.58     98.25 
Fe203 
ZnO 
MnO 
Total      98.41     98.57     99.23     99.27     96.82 
Fe203 
ZnO 
MnO 
Total      98.45     99742     98.64     98749     98745 
Fe2°3 
ZnO 
MnO 
Total      98.43     98.97     99.11     98.82     98.66 
Fe203 
ZnO 
MnO 
Total      98.31     98.39     98.56     98.75     99.46 
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2-3 2-4 2-5 2-6 2-7 
68.63 68.23 68.45 68.58 66.48 
21.97 22.60 22.90 22.95 22.75 
7.81 7.74 7.88 7.74 7.59 
8A-1 8A-2 8 A-3 8A-4 8 A-5 
68.86 68.84 68.91 68.52 68.85 
21.78 23.15 21.87 22.11 21.71 
7.81 7.63 7.86 7.86 7.89 
8A-6 8A-7 9-1 9-2 9-3 
68.82 68.93 68.67 68.57 68.95 
21.73 22.27 22.72 22.48 22.09 
7.88 7.77 7.72 7.77 7.62 
9-4 9-5 9-6 9-7 10 
68.17 68.27 68.37 68.32 68.59 
22.43 22.40 22.47 22.81 23.26 
7.71 7.72 7.72 7.62 7.61 
1(W7) I2(W7) KW6) 
oB« 28 68.08 69.00 
22.58 23.50 22.09 
7.99 7.84 7.92 
Sample 2-1B (cont'd.) 
ZnO 
KnO 
Total      98.85     99.42     99.01 
FG2°3 
ZnO 
MnO 
A1203 
Si02 
Mgo 
Total     101.76    101.72     99.08    100.60 
FeO 
ZnO 
MnO 
Al2°3 
Si02 
MgO 
Total 71.87 101.40 97.98 
1 8 10 KW5) 
68.48 68.43 68.05 67.38 
23.93 23.97 23.25 25.55 
7.90 7.90 7.74 7.55 
1.45 1.42 0.02 0.00 
NA NA 0.00 0.12 
NA NA 0.02 0.00 
Wl W5 W7 
0.49 0.77 0.73 
66.45 65.39 60.46 
4.93 4.64 7.96 
0.00 0.00 0.00 
NA 30.41 28.83 
NA 0.29 NA 
185 
3-1 3-2 3-3 3-4 3-5 
66.84 66.40 66.71 67.25 66.91 
23.95 24.14 23.71 23.61 23.86 
9.30 8.95 8.86 9.42 8.89 
3-6 3-7 3-8 6 9-1 
65.50 66.51 65.87 66.99 66.74 
26.11 25.02 23.61 24.63 24.09 
9.34 8.95 9.17 9.29 9.13 
Sample 2-2B 
The sample is from 4.5 a (15 feet) above the 103 m (325-foot) 
level, footvall of the west limb near the flexure. The sample is 
from a folded band 0.6 » above the footwall that consists of dis- 
seminated franXlinite, villemite, and zincite grains in calcite. 
The grain size  is approximately 1-5 mm. 
Fe203 
ZnO 
MnO 
Total     100.09     99.49     99.28    100.28     99.66 
Fe203 
ZnO 
MnO 
Total     100.95    100.48     98.65    100.91     99.96 
Fe2o3 
ZnO 
MnO 
Total      99.95     99.77     98.43    100.19     98.77 
Fe203 
ZnO 
MnO 
Total     101.09    100.54    100.43    100.69    101.08 
Fe203 
ZnO 
MnO 
Total 
Fe203 
ZnO 
MnO 
Total      98.38     98.42     98.66 
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9-2 9-3 9-4 9-5 11-1 
66.71 66.58 65.05 66.78 66.86 
24.19 24.15 24.17 24.29 24.32 
9.05 9.04 9.21 9.12 7.59 
11-2 11-3 11-4 11-5 11-6 
67.62 67.35 66.97 67.05 67.57 
24.32 24.31 24.42 24.59 24.48 
9.15 8.88 9.04 9.15 9.03 
11-7 12-1 12-2 12-3 12-4 
67.46 65.17 65.49 64.96 66.33 
24.81 23.07 23.06 23.69 23.89 
8.61 9.35 9.29 9.30 8.95 
100.88 97.59 97.84 97.95 99.17 
12-5 12-6 12-7 
65.40 65.37 65.42 
23.62 23.73 23.79 
8.86 9.42 9.45 
Sample 2-2B (cont'd.) 
Feo 
ZnO 
MnO 
Total 
Fe2o 
ZnO 
MnO 
AljO-j 
Si02 
MgO 
Total 
FeO 
ZnO 
MnO 
A1203 
Si02 
z-1 z-2 z-3 
.09 .12 .13 
96.84 98.79 99.14 
1.70 1.65 1.65 
98.63 100.66 100.92 
4 7 9-2 12-4 KM6) 
66.14 66.86 66.06 65.91 66.28 
23.54 24.27 24.51 24.30 24.19 
9.15 8.88 8.92 9.13 10.39 
1.20 1.09 1.06 1.00 1.13 
0.09 NA NA NA 0.14 
0.50 NA NA NA 0.35 
100.52 101.10 100.55 100.34 102.38 
W6 Z4 
0.43 0.27 
62.78 98.36 
10.54 1.51 
0.15 0.00 
30.53 NA 
2.51 NA MgO 
Total     106.94    100.14 
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Sample 2-3B 
The sample is from 4.5 ra (15 feet) above the 104 m (325-foot) 
level, footwall of the west limb near the flexure. The sample con- 
sists of franklinite and willemite disseminated in calcite and is 
frota 0.9 ra above the footwall. The grain size is approximately 1-5 
Fe203 
7.nO 
MnO 
Total 
1 2  '■-• 3-1 3-2 4A-1 
67.74 67.29 67.25 67.89 67.46 
23.02 23.50 23.52 23.81 23.23 
9.25 9.31 9.33 9.21 9.37 
100.01 100.10 100.10 100.91 100.06 
Fe203 
ZnO 
MnO 
Total 
4A-2 I 1 5 7 8A 
67. .01 66 .66 67 .65 67 .53 67. ,15 
23. .62 23 .68 23, .41 23 .22 23. ,18 
9. 
i nn 
.47 
1 n 
9 .28 9 .32 9 .25 9. ,36 
99.62 100.38 100.00 99.69 
Fe203 
ZnO 
MnO 
Total 
8B 9 10A 10B 11A 
67.22 67.93 67.25 67.08 66.71 
23.16 23.54 23.15 23.70 22.86 
9.38 9.29 9.06 9.20 9.68 
100.76 99.46 99.98 99.25 
Fe203 
ZnO 
MnO 
Total 
Fe2°3 
ZnO 
MnO 
Total 
11B 12A 12B 10C 11 (Wl) 
66.77 67.37 67.11 66.43 68.68 
22.72 23.07 23.18 25.18 23.11 
9.72 9.38 9.37 9.19 10.31 
99.21 99.82 99.66 100.80 102.10 
12(Wl) 13 (Wl) •14 (Wl) 15(Wl) 16 (Wl) 
68.42 66.94 67.75 67.29 63.73 
23.61 24.11 24.23 23.32 24.18 
9.89 10.34 10.61 10.12 10.50 
101.92 101.39 102.59 101.73 98.41 
Fe2°3 
ZnO 
MnO 
Total 
17(Wl) 18 (Wl) 19 (Wl) 110(Wl) 111(Wl) 
64.44 66.77 67.42 68.42 66.57 
24.60 24.50 24.39 23.45 24.78 
10.55 
QQ  CO 
10.45 10.26 9.82 10.15 
101.72 102.07 101.69 101.50 
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Sample 2-3B (cont'd.) 
I12(«l)  . I13(W1) 
Fe2°3 67.89 68.20 
ZnO 23.24 24.38 
MnO 10.60 10.19 
Total 101.73 102.77 
3 5 12 KW12) 
Fe2°3 68.18 67.85 66.24 65.18 
ZnO 23.89 24.27 23.76 23.15 
MnO 9.49 9.24 9.08 10.26 
M2°3 1.09 0.95 0.02 0.03 sio2 NA NA 0.05 0.02 
MgO MA NA 0.10 0.08 
Total 102.65 
Wl 
102.31 
W12 
99.25 98.72 
FeO 0.52 0.28 
ZnO 64.69 63.34 
MnO 6.38 6.27 
A120 
Sio2 
0.00 0.00 
NA 29.71 
MgO NA 0.70 
Total      71.59    100.20 
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.1-1 L 2A 2R i 3 4 
69, .31 68. ,96 69. 21 69 .14 68, .95 
23, .63 22, ,49 24. 16 22, .44 22, .49 
8, .27 9. ,01 8. 59 9, .14 8, .77 
5 6 7A 7B 7C 
68, .90 V 68, .27 67. .31 67, ,27 68. ,36 
22. .36 '-22, .28 25. ,07 24. 15 22. 36 
9, .16 8, .98 8. .28 8. 59 9. ,07 
Saaple 2-4B 
The general sample location is 4.5 m  (15 feet) above the 104 n 
(325-foot) level, footwall of the west limb near the flexure. The 
nataple is frota a zone of franklinite and willeftite disseainated in 
calcite approxinately 1.2 m  above the footwall. The grain size 
range is 1-5 on. 
Fe203 
ZnO 
MnO 
Total     101.21    100.46    101.96    100.72    100.21 
Fe2°3 
ZnO 
MnO 
Total     100.42     99.53    100.66    100.01     99.79 
Fe2°3 
ZnO 
MnO 
Total     100.97    100.28    100.66    100.03    100.57 
Fe203 
ZnO 
MnO 
Total     100.40    100.98     99.80    100.51    100.63 
Fe203 
ZnO 
MnO 
Total      99.69     98.06     99.90     99.57    101.08 
Fe203 
ZnO 
MnO 
Total      99.65    100.86     99.96    100.15     99.13 
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8 9 10 11A 11B 
67.87 68.62 69.05 68.74 69.13 
25.49 22.67 22.69 22.19 22.36 
7.61 8.99 8.92 9.10 9.08 
12 13 11 (Wl) 12(Wl) 13 (Wl) 
68.54 68.95 67.54 68.47 69.56 
22.48 22.30 22.68 22.08 21.56 
9.38 9.73 9.58 9.96 9.51 
14 (Wl) 15 (Wl) 16(Wl) 17(Wl) 11(W2) 
67.31 65.16 67.96 67.06 69.00 
22.18 22.23 22.81 22.47 21.79 
10.20 10.67 9.13 10.04 10.29 
12(W2) 13(W2) 14 (W2) 15(W2) 16 (W2) 
68.18 68.86 66.74 65.57 66.17 
21.19 21.80 24.80 26.79 21.94 
10.28 10.20 8.42 7.79 11.02 
17(W2) I8(W2) I9(H2) 
66.62 66.92 66.88 
21.81 21.76 21.50 
10.82 10.13 10.46 
Sample 2-4B (cont'd.) 
Fe2°3 
ZnO 
Kno 
Total      99.25     98.81     98.84 
Fe203 
ZnO 
MnO 
A1203 
sio2 
MgO 
Total     100.82     99755     98.74    101.66 
FeO 
ZnO 
MnO 
A
*2°3 
Si02 
MgO 
Total      69.64     997lT     98.64    105.57 
6 9 11C KW6-1) 
66.82 67.39 66.31 67.99 
23.24 22.53 22.67 21.44 
9.39 8.54 8.65 10.82 
1.02 1.09 1.11 1.08 
0.00 NA NA 0.09 
0.35 NA NA 0.24 
Wl W2 W3 W6-1 
0.76 0.50 0.26 0.51 
62.79 63.38r 64.65 64.72 
6.09 6.67 5.84 6.60 
0.00 0.75 0.77 0.00 
NA 27.81 27.12 30.92 
NA NA NA 2.82 
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Sample 2-6 
The general sample location is 4.5 m  (15 feet) above the 104 m 
(325-foot) level, footwall of the west limb near the flexure.  The 
sample consists of franklinite and tephroite disseminated in a cal- 
cite matrix.  It was taken from a point near the contact between a 
zone of franklinite and red willemite disseminated in calcite and an 
overlying zone of just franklinite disseminated in calcite.  The 
position of the sample is 2.8 m above the footwall and the grain 
size range is approximately 1-5 mm. 
1A IB 2 3A 3B 
F6203 69.45 70.06 68.00 69.67 69.67 
ZnO 22.67 23.58 23.58 22.89 22.28 
MnO 6.99 6.68 5.96 6.93 7.07 
Total 99.11 100.32 97.54 99.49 99.02 
3C 3D 4 5A 5B 
Fe203 69.23 68.07 69.76 69.16 68.45 
ZnO 22.09 22.81 22.36 23.29 23.03 
MnO 7.51 6.99 7.03 6.66 7.13 
Total 98.83 97.87 99.15 99.11 98.61 
6A 6B 7 8 9A 
Fe2°3 67.55 70.03 69.03 68.09 68.71 
ZnO 23.68 22.91 22.65 24.10 22.42 
MnO 6.09 6.54 7.36 6.54 7.57 
Total 97.32 99.48 99.04 98.73 98.70 
9B I1(T1) I2(T1) 13(Tl) 14 (Tl) 
Fe203 69.70 67.57 67.52 66.76 66.73 
ZnO 23.07 24.67 26.26 27.67 26.80 
MnO 6.62 7.37 5.91 6.02 6.15 
Total 99.39 
15(Tl) 
99.61 99.69 100.45 99.68 
Fe203 66.82 
ZnO 22.97 
MnO 10.71 
Total 100.50 
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Sample 2-6 (cont'd.) 
lc 9C KT1) 
Fo2°3 70.06 70.31 68.88 
ZnO 23.80 22.57 26.06 
MnO 7.27 7.39 6.21 
A1203 0.99 1.10 1.05 
Si02 0.13 0.00 0.02 
MgO 0.42 NA 0.30 
Total     102.67    101.37    102.52 
Tl T9 
FeO 7.31 7.13 
ZnO 9.36 10.42 
MnO 42.56 41.02 
A1203 0.00 0.00 
sio2 33.95 32.67 
MgO 12.78 NA 
Total     105.96     91.24 
193 
Sample 2-5 
The general sample location is 4.5 m (15 feet) above the 104 « 
(325-foot) level, footwall of the west limb near the flexure.  "The 
sample consists of franklinite disseminated in calcite; little or 
no willeaite is present. The sample was obtained 3.6 n above the 
footwall. The grain size range is approximately 1-5 mm. 
3 
Fe203      72.84     73.78     73.32     73.25     73.54 
1A IB 2A 2B 
15.34 15.47 15.65 15.86 
10.07 10.50 9.82 10.22 
4A 4B 5A 5B 6A 
73.74 73.42 72.95 72.53 74.19 
15.43 15.54 15.83 15.74 14.98 
10.35 10.28 10.25 9.97 10.33 
6B 7 8A 8E 1 9 
74. ,29 73. ,96 72. ,93 72. ,37 74. ,57 
15. ,11 15. ,36 15. ,78 15. ,47 15. ,13 
10. 58 10. .25 10. ,38 10. ,70 9. .68 
ZnO 15.63 
Mn0
 9.99 
Total      98.25     99.75     98.79     99.33     99.16 
Fe2°3 
ZnO 
MnO 
Total      99.52     99.24     99.03     98724     99.70 
Fe203 
ZnO 
MnO 
Total      99.98     99.57     99.09     98.54     99.38 
Fe203 
ZnO 
MnO 
Total      99.36     98.94     99.04     98.14     99.45 
Fe203 
ZnO 
MnO 
Total 
Fe203 
ZnO 
MnO 
Total      97.65     99.08     98.65     98.60     97.99 
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10A 10B 11A 11B 12 
73.77 73.65 73.10 72.26 72.85 
15.16 15.12 15.77 15.62 16.44 
10.43 10.17 10.17 10.26 10.16 
13 14 15 16 17A 
73.33 71.72 72.44 72.65 71.69 
15.74 16.80 16.70 15.34 15.96 
10.30 10.09 10.87 9.91 10.00 
99.37 98.61 100.01 97.90 97.65 
17B 17C 17D 17E 18 
71.75 72.82 72.34 71.97 71.89 
15.79 16.01 15.96 16.31 16.32 
10.11 10.25 10.35 10.32 9.78 
19 20 
72.49 72.75 
16.48 15.33 
10.18 10.16 
Sample 2-5 (cont'd.) 
20-1 
Pe203              71.56 
ZnO 16.68 
KnO 10.33 
Total      99.15     98.24     98.57 
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Sample 2-7 
The sample is located 4.5 ra (15 feet) above the 104 m (325- 
foot) level, footvall of the west li»b near the flexure.  The 
sample is from a large massive frank linite grain 0.6 m  in diaraeter 
located 3.6 ra above the footvall. There is some suggestion of a 
zone of depletion of franklinite around the large frank Unite 
grain. 
Fe2°3 
ZnO 
MnO 
A1203              
Total     101.29    100.08    101.51    101.48    101.37 
L 2 J 4 5 
76, .48 75. .11 77, .57 76. .48 77, .31 
13. .07 13, .26 12, .48 13. .35 12. .51 
10 .87 10. .90 10, .67 10, .77 10, .78 
0 .87 0, .81 0 .79 0, .88 0, .77 
6 
Fe2°3 77.42 
ZnO 12.51 
MnO 10.78 
A1203 0.59 
Total      99.30 
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Sample 3-5 
The sample la fro© the calc-silicate zone, north end of the 
cross member, 4.5 ra (15 feet) above the 131 ra (430-foot) level, 
north end of the 1080 stope.  A band approximately 3 n wide, con- 
sisting of numerous thin bands of franklinite and brown willemite 
disseminated in calcite, cuts through the calc-ailicate zone.  The 
sample consists of franklinite (which contain minute inclusions of 
gahnite) and brown willemite grains disseminated in calcite.  The 
grain size range is approximately 2-5 mm. 
1 3 5 9 10 
Fe© 84.02 88.47 87.34 88.56 86.40 
ZnO 7.98 7.98 6.83 5.57 7.92 
MnO 1.19 1.52 0.91 1.29 1.00 
A1203 0.63 0.67 0.52 0.38 0.78 
Total 93.82 98.64 95.60 95.80 96.00 
11 12 Wl Gl G3 
FeO 91.64 89.08 0.53 9.60 11.13 
ZnO 4.19 3.51 73.00 40.79 40.69 
MnO 0.66 1.28 0.74 0.36 0.36 
Al2°3 
Total 
0.00 0.00 0.00 54.14 51.50 
96.49 93.87 74.27 104.89 103.68 
G9 
FeO 11.22 
ZnO 40.85 
MnO 0.38 
Al2°3 50.12 
Total 102.57 
KW1) W2 1* 
FeO 90.56 1.46 81.51 
ZnO 4.22 71.58 8.53 
MnO 0.57 0.89 1.27 
A1203 0.12 0.03 1.30 
Si02 0.26 28.67 0.15 
MgO 0.09 0.07 0.10 
Total      95.82     102.70      92.86 
*Broad beam analysis of 40 x 40 micron square area of franklinite grain 
1, representative of bulk composition of the original homogeneous 
spinel. 
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Sample 4-16 
The sample is from 6.1 n (20 feet) below the 183 a (600-foot) 
level, 935 stope, middle of the east limb in the red willemite zone. 
The specimen is from a contact between a zone of franklinite and red 
willemite disseminated in calcite and a zone of massive franklinite, 
willemite, and rhodonite 60 cm above the footwall.  The grain size is 
approximately 2-5 ram. 
1 2 3 4 5 
Fe203 60.42 62.44 61.30 61.78 61.81 
ZnO 28.45 27.11 27.02 27.45 26.72 
MnO 6.82 7.76 7.68 7.26 7.47 
A1203 5.92 4.08 4.80 4.55 3.91 
Total      101,61     101.39     100.80     101.04     99.91 
6 7 KW1) 
Fe203 61.36 61.96 63.81 
ZnO 27.40 27.55 26.34 
MnO 7.36 7.15 8.34 
A1203 4.55 4.45 3.24 
Total 100.67 101.11 101.73 
G2 G4 G7 
FeO 10.51 8.80 9.23 
ZnO 42.22 42.59 41.89 
MnO .86 .77 .91 
A1203 51.36 52.10 51.63 
Total     104.95     104.26     103.66 
Fe203 63.75 
ZnO 27.33 
MnO 7.82 
A1203 3.62 
sio2 0.11 
MgO 0.74 
Total 103.27 
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Sample 4-16   (cont'd.) 
FeO 
SnO 
HnO 
**2°3 
SiD2 
HgO 
Total 72.55 108.59 91.16 
Wl M2 F(3) 
0.24 0.29 0.97 
68.83 69.23 4.66 
3.49 5.24 2.28 
0.00 0.14 14.35 
MA 30.84 35.11 
HA 2.85 33.79 
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M 
3 4 5 6 7 
56.62 58.71 61.02 60.92 60.78 
27.16 27.37 27.46 27.44 27.97 
9.76 8.59 7.90 7.95 7.77 
3.21 3.47 4.07 3.86 4.10 
0.00 0.00 0.00 0.00 0.00 
»anple 4-7 
The sample is fro© 6.1 n (20 feet) below the 183 n (600-foot) level, 
935 atope, middle of the east limb in the red villemite zone.  The 
specimen is from a zone of franklinite and red willemite disseminated 
in calcite 75 cm above the footwall.  The grain size is approximately 
2—5 iwa. 
Fe2o3 
ZnO 
MnO 
AI2O3 
Si02 
Total      96.75     98.14    100.45    100.17    100.62 
Fe203 
ZnO 
MnO 
A1203 
Si02 
Total      97.24     98.07     97.24     96.88     98.34 
F62°3 
ZnO 
MnO 
A1203 
Si02 
Total      98.59     98.58     99.37 
FeO 
ZnO 
MnO 
A1203 
Si02 
Total     103.07    103.81    104.39    101*76    102.18 
11 12 13 14 15a 
57.48 57.60 56.69 57.36 56.24 
27.35 27.71 27.85 27.16 28.50 
9,48 9.66 9.68 9.39 7.91 
2.93 3.10 3.02 2*97 5.69 
0.00 0.00 0.00 0.00 0.00 
15b 16 17 
59.12 59.56 59.85 
27.78 27.38 27.79 
7.85 8.09 8.12 
3.84 3.55 3.61 
0.00 0.00 0.00 
G4 G7 G14 W6 W15 
8.64 9.00 8.34 0.11 0.13 
42.10 42.59 42.86 65.29 65.89 
0.69 0.78 0.80 5.48 5.20 
51.74 51.44 52.29 0.06 0.05 
0.00 0.00 0.00 30.82 30.91 
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Sample 4-7   (cont'd.) 
T4 T15 T17 
FoO 1.97 2.01 1.54 
ZnO 10.05 9.94 8.99 
MnO 44.45 42.72 46.38 
Al2°3 0.00 0.00 0.00 
sio2 33.67 33.48 33.43 
Total 90.14 
7 
88.15 90.34 
Fe2°3 61.17 
ZnO 26.98 
MnO 8.18 
A1203 3.97 
Si02 0.00 
MgO 0.85 
Total 101.15 
Gl Tl  ./ C 
FeO 9.44 1.92 0.00 
ZnO 43.57 9.78 0.34 t 
MnO 0.58 46.55 V 10.52 
Al2°3 36.51 0.00 0.00 
sio2 0.00 34.97 0.00 
MgO 0.06 15.33 0.85 
Total 90.16 108.55 11.81 
201 
Sample 4-12 
The sample is from 6.1 ra (20 feet) below the 183 m (600-foot) 
level, 935 stope, middle of the east limb in the red willemite zone, 
The specimen is from a zone of franklinite and red willemite dis- 
seminated in calcite directly below a 15 cm-thick band of calcite 
and franklinite. The sample is from approximately 82 cm above the 
footwall and the grain size is 2-5 mm. 
1-1 1-2 1-3 1-4 1-6 
Fe203 62.70 62.88 61.97 62.24 62.74 
ZnO 26.55 26.82 27.83 26.51 27.64 
MnO 8.39 8.15 7.11 8.48 6.67 
Al203 3.44 3.79 4.97 4.06 6.91 
Total     101.08    101.64    101.88    101.29    103.96 
1-8 2-1 2-2 2-4 2-6 
Fe203 62.79 61.58 62.32 62.10 60.94 
ZnO 26.80 27.65 26.56 26.85 27.13 
MnO 8.09 7.88 8.52 8.42 8.04 
A1203 3.83 4.32 3.04 3.68 4.18 
Total     101.51    101.43    100.44    101.05    100.29 
2-7 3-1 3-2 3-3 3-4 
Fe203 61.73 59.97 59.36 60.53 59.72 
ZnO 27.13 27.28 28.15 27.26 27.43 
MnO 7.86 8.53 7.80 8.13 8.43 
A1203 4.14 3.65 4.20 3.60 3.49 
Total     100.86     99.43     99.51     99.52     99.07 
Fe2°3 
ZnO 
MnO 
A1203 
Total      99.22     99.03    100.01    102.33    100.36 
3-5 3-6 4 11 (Wl) 12(W2) 
59.63 60.26 60.71 66.12 65.43 
27.96 27.45 27.35 25.80 25.43 
8.00 7.95 8.43 9.72 9.02 
3.63 3.37 3.52 .69 .48 
Gl G2 G3 G4 G5 
FeO 9.66 11.02 9.25 13.23 9.10 
ZnO 42.12 41.90 42.33 41.16 41.80 
MnO .54 .63 .54 1.05 .52 
A1203 50.81 48.53 51.14 46.77 51.47 
Total     103.13    102.08    103.26    102.21    102.89 
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Sawple 4-12 (cont'd.) 
FeO .44 
ZnO 65.05 
MnO 5.38 
^203 .00 
Total 70.87 
I(W2) 1* 
Fe203 66.65 59.46 
ZnO 24.06 24.22 
MnO 8.73 7.27 
A1203 0.40 5.06 
Si02 0.01 0.00 
MgO 0.24 0.79 
Total 100.09 96.80 
W2 T3 "' 
FeO 0.24 0.09 
ZnO 59.74 3.37 
MnO 5.38 62.79 
A1203 0.05 0.00 
Si02 29.84 26.02 
MgO 4.03 9.13 
Total      99.28    101.40 
♦Broad beam analysis of 40 x 40 micron square area of franklinite 
grain 1, representative of bulk composition of the original homo- 
geneous spinel. 
203 
Sample 4-13 
1 2-1 2-2 2-3 2-4 
56.20 59.32 59.36 58.90 59.74 
27.29 26.87 26.93 26.54 26.69 
10.07 8.97 9.53 9.23 9.23 
3.43 4.17 4.37 4.18 4.16 
2-5 3 4-1 4-3 4-5 
60.35 54.46 58.14 56.83 56.31 
27.37 26.89 27.58 27.27 27.77 
9.29 10.09 8.55 9.06 8.61 
4.29 3.68 3.17 3.64 4.68 
The sample is frora 6.1 m   (20 feet) below the 183 m  (600-foot) 
level, 935 stopc, middle of the east liiah in the red villenite rone 
The specimen is from a rone of franklinite and red willctaite dis-. 
geminated in calcite directly above a 15 cm-thick band of calcite 
and franklinite.  The sample is from approximately 90 cm above the 
footwall and the grain size is 2-5 vm. 
Fe203 
ZnO 
MnO 
A1203 
Total      96.99     99.33    100.19     98.85     99.82 
Fe203 
ZnO 
MnO 
A1203 
Total     101730     95.12     97.44     96.80     97.37 
Fe203 
ZnO 
MnO 
Al2°3            
Total      97.45     97.64     99.05     97.24     95.88 
Fe2°3 
ZnO 
MnO 
A1203 
Total      96.55'     98.32     96.54 
FeO 
ZnO 
MnO 
A1203 
Total      70.52     68.67     68.95    103.21    104.05 
204 
4-6 4-7 4-8 5 6 
57.62 57.36 58.96 56.25 54.21 
27.15 27.43 27.72 27.23 27.19 
9.28 9.00 9.11 10.45 10.28 
3.40 3.85 3.26 3.31 4.20 
7 8 9 
56.06 58.82 55.62 
26.95 27.82 27.19 
10.12 8.65 10.34 
3.42 3.03 3.39 
Wl W2 W3 Gl G5 
0.29 0.28 0.26 9.40 8.42 
65.60 65.25 63.93 41.77 42.20 
4.63 3.14 4.76 0.75 0.72 
0.00 0.00 0.00 51.29 52.71 
Sample 4-13 (cont'd.) 
G6 X4« X2 XO* X(-2)< 
Feo 8.66 8.61 8.65 8.37 20.19 
ZnO 42.01 42.10 41.90 41.99 36.68 
KnO 0.74 0.78 0.72 0.73 3.74 
Al203 51.41 52.60 52.69 53.29 39.22 
Total     102.82    104.09    104.04    104.38     99.83 
X(-4)* X{-7)* X(-10)' 
FeO 51.01 51.50 51.26 
ZnO 26.60 26.81 26.42 
MnO 11.64 11.33 10.65 
A1203 2.49 3.13 3.47 
Total 91.74 92.77 91,80 
10 I(W8) 
Fe203 55.83 63.75 
ZnO 26.41 27.13 
MnO 10.58 8.28 
A1203 0.16 0.27 
SiO 
MgO 
0.00 0.07 
0.15 0.09 
Total      93.13     99.59 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total      98.67    100.12     96.61 
W4 W8 T8 
0.27 0.02 0.03 
61.87 63.85 3.86 
6.08 5.44 61.70 
0.00 0.00 0.00 
30.45 30.39 28.72 
NA 0.42 2.30 
♦Represents data obtained on a traverse across the boundary between 
bleb-like gahnite inclusion and its franklinite matrix. All iron is 
expressed as FeO. The number after each X is the distance in microns 
from the arbitrary origin (XO) which is almost coincident with the 
gahnite-franklinite grain boundary. 
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Sample 4-11 
The sample is from 6.1 m (20 feet) below the 183 m (600-foot) 1 eve 1. 
935 stope, middle of the east limb in the red willemite zone.  The 
specimen was obtained directly below a contact which separates 
franklinite and red willeraite disseminated in calcite above from 
franklinite, red willemite, and zincite disseminated in calcite 
below.  The sample is located approximately 120 cm above the foot- 
wall and the grain size is 2-5 mm. 
2-3 3-3 4 6 9 
F6203 66.42 65.70 65.47 65.80 66.13 
ZnO 24.25 23.62 23.75 23.63 23.60 
MnO 10.73 11.41 11.26 11.50 11.30 
A1203 1.56 1.57 1.57 1.59 1.60 
Si02 0.00 0.00 0.00 0.00 0.00 
Total     102.96    102.30    102.05    102.52    102~.63 
10 
Fe203 65.48 
ZnO 23.42 
MnO 11.66 
A1203 1.60 
Si02 0.00 
Total     102.16 
W2 W3* Z3** Z3-5 Z5 
FeO 0.01 0.00 0.03 0.00 0.00 
ZnO 54.34 70.45 99.54 97 .64 98.95 
MnO 14.29 3.01 1.53 1.83 2.18 
Al2°3 
sio2 
2.88 
20.94 
0.80 
27.10 
0.93 
0.00 
0.92 
0.00 
0.93 
0.00 
Total      92.46    101.36    102.03    100.39    102.06 
T2        T3-4       F(2) 
FeO 0.33 0.32 2.21 
ZnO 7.05 8.43 97.15 
MnO 42.51 44.46 0.80 
A1203 0.53 0.54 0.91 
sio2 28.01 28.72 0.00 
Total      78.43     82.47    101.07 
** 
intergrown with tephroite in area 3. 
intergrown with willemite and tephroite in area 3. 
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Sanple  4-11   (cont'd.) 
11 
Fo203 66.89 
ZnO 24.22 
MnO 11.20 
A1203 0.81 
sio2 0.01 
MqO 0.65 
Total 103.78 
T2-2 C 
FeO 0.67 0.11 
ZnO 7.28 0.19 
MnO 45.16 14.81 
A1203 0.00 0.00 
Sio2 32.60 0.00 
MgO "  20.28 2.13 
Total 105.99 17.24 
■<3> 
207 
L 2 I 4 i 5 
65 .62 64. ,02 64, .16 64, .40 65 .81 
23, .43 23. .26 23, .33 23. .32 23 .29 
11, .89 11, .73 11. .87 11, .70 11, .83 
0, .95 0. .95 0, .87 0, .96 0, .88 
Sample 4-15 
The sample is from 6.1 a (20 feet) below the 183 BI (600-foot) 
level, 935 stope, middle of the .east limb in the red willemite zone. 
The specimen la from a rone of franklinite and xincite disseminated 
in calcite approximately 170 cm above the footvall. The grain nizm 
range of the franklinite is 2-5 mm. 
Fe203 
ZnO 
MnO 
Al2°3       __              
Total     101.89    100.76    100.23    100.38    101.81 
Fe203 
ZnO 
MnO 
A1203 
Total 
Fe2°3 
ZnO 
MnO 
Al203 
Total     100.85    100.83    100.66    100.83    100.71 
6 7 8 9 10 
65.58 65.76 65.85 65.76 65.58 
23.26 23.11 23.17 23.27 23.16 
11.64 11.71 11.59 11.85 11.69 
0.93 0.88 0.94 0.94 0.90 
101.41 101.46 101.55 101.82 101.33 
11 12 13 14 15 
64.90 64.64 64.65 64.48 64.15 
23.17 23.33 23.16 23.40 23.58 
11.84 11.95 11.89 12.05 11.96 
0.94 0.91 0.96 0.90 1.02 
\ 16 17 
Fe2°3    * 64.15 64.82 
ZnO 23.07 23.55 
MnO 11.89 11.64 
A1203 0.92 1.02 
Total     100.03    101.03 
FeO 
ZnO 
MnO 
A1203 
Total     101.49     99.83    100.97    102.04 
208 
Zl Z2 Z3 Z4 
0.27 0.28 0.27 0.27 
99.28 97.35 98.56 99.38 
1.94 2.20 2.14 2.39 
0.00 0.00 0.00 0.00 
1-1 2-1 4-1 5 KW2-1) 
67.69 67.1G 66.32 65.41 67.39 
25.05 24.90 24.71 23.72 24.32 
10.67 10.74 10.98 11.10 12.06 
1.14 1.16 1.07 1.08 1.11 
0.00 0.00 0.00 0.00 0.00 
0.49 0.52 0.51 0.61 0.39 
Sanple 5-1 
The saisple is frora the north end of the 935 stope, 9.1 a (30 
feet) below the 183 ra (600-foot) level in the red willewite zone, 
middle of the east limb. The ore zone is about 6.0 m wide and the 
saapl© consists of franXlinite, willeiaite, and a little tephroite 
in calcite. The specimen is from the hanging wall and the grain 
size is 2-5 ran. 
Fe203 
ZnO 
MnO 
A1203 
sio2 
MgO 
Total     105.04    104.48    103.59    101.92    105.27 
KW4-2) 
Fe203 65.25 
ZnO 25.57 
MnO 11.00 
A1203 0.88 
sio2 0.00 
MgO 0.35 
Total 103.05 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total     107.73    108.01    107.09    105.88    102.53 
W2-1 W2-1* W4-1 W4-2 T4-1+ 
0.00 0.00 0.00 0.00 0.01 
72.04 70.88 71.91 69.83 5.20 
2.63 3.53 2.54 2.80 52.11 
0.00 0.00 0.00 0.00 0.00 
31.36 31.16 30.90 30.81 29.01 
1.70 2.44 1.64 2.44 16.20 
* Willemite between franklinite inclusions. 
+ Tephroite between 4-1 and W4-1. . 
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Sample 5-3 
The sample is from the north end of the 935 stope, 9.1 m   {30 
feet) below the 183 » (600*foot) level in the red willemite zone, 
aiddle of the east limb.  The ore zone is about 6.0 m wide and the 
satsple consists of franklinite, zincite, and willemite which is 
intergrown with tephroite in calcite. The specimen is located 0.5 
ra from the hanging wall and is from the zincite band. The average 
grain size is 2-5 ram. 
Fe203 
ZnO 
MnO 
A1203 
Sio2 
MgO 
Total 
FG20-J 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total     102.15    101.44    103.62 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 107.65 108/77 66.57 103.54 104.30 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 
1-1 1-2 2 5-1 6 
67.72 66.47 68.05 65.68 65.62 
22.43 23.18 21.94 23.46 21.51 
12.90 12.35 13.29 11.03 12.99 
0.82 0.79 0.82 0.80 0.76 
0.00 0.00 0.00 0.00 0.00 
0.62 0.55 0.68 0.49 0.69 
104.49 103.34 104.78 101.46 101.57 
7 8-1 9 
- 
66.09 65.67 67.14 
21.38 22.36 22.77 
13.24 12.13 12.24 
0.74 0.76 0.85 
0.00 0.00 0.00 
0.70 0.52 0.62 
Wl-1 Tl-1 W8-1 Zl-la Zl-lb 
0.00 0.76 1.71 0.28 0.69 
73.38 6.84 28.24 101.16 101.00 
2.83 54.11 22.78 1.56 2.07 
0.20 0.09 0.00 0.19 0.22 
29.97 34.64 11.24 0.19 0.13 
1.27 12.43 2.60 0.16 0.19 
Z2 Z8-2 F(8-l) 
0.29 0.28 2.64 
99.55 98.38 99.68 
2.34 1.86 1.35 
0.24 0.16 0.22 
0.09 0.10 0.17 
0.23 0.17 0.13 
102.74 100.95 104.19 
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Sample  5-4 
The sample is from the north end of the 935 atope, 9.1 n (30 
feet) below the 183 ra (600-foot) level in the red willemite zone, 
middle of the east linb. The ore zone is about 6.0 ra wide and the 
sample consists of franklinite, zincite, and tephroite intimately 
intergrown with willemite in calcite. The specimen is located 
2.4 m from the hanging wall. The grain size is approximately 
2—5 mm. 
1 2 3 5 6 
Fe203 65.47 66.50 66.58 66.62 66.53 
ZnO 23.16 22.61 22.67 22.79 23.43 
MnO 12.37 12.86 12.24 12.83 12.02 
A1203 0.93 0.90 0.86 0.91 0,91 
sio2 0.00 0.00 0.00 0.00 0.00 
MgO 0.63 0.60 0.60 0.58 0.57 
9 
65, .48 
22, .83 
12, .57 
0, .93 
0, .00 
0, .57 
Total     102.56    103.47    102.95    103.73     102.46 
Fe203 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total     102.38 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total     102.85    104.01    102.76    102.53    102.64 
FeO 
ZnO 
MnO 
A12°3 
Si02 
MgO 
Total      99.47    100.94    117.28    104.84    112.43 
*   Intergrown with T13. 
**  Between 10 and Zll. 
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10 12 14 Z8 Zll 
66.29 67.03 66.71 0.21 0.28 
22.52 22.75 21.79 99.99 99.56 
12.51 12.70 12.83 1.49 2.43 
0.95 0.95 0.89 0.59 0.18 
0.00 0.00 0.00 0.14 0.03 
0.58 0.58 0.54 0.11 0.16 
Z14 T13 Wl* W2** W3 
0.31 0.88 0.19 1.81 0.21 
96.54 5.52 67.23 70.11 59.63 
2.26 47.85 19.22 2.90 20.04 
0.17 0.06 0.07 0.53 0.30 
0.04 32.45 29.75 28.51 29.40 
0.15 14.18 0.82 0.98 2.85 
Sample 5-5 
The sample is from the north end of the 935 stope, 9.1 m (30 
feet) below the 183 ra (60f)-foot) level in the red willemite zone, 
middle of the east limb. The ore zone is about 6.0 » wide and the 
sample consists of franklinite, zincite, willemite, and tephroite 
in a calcite matrix. The specimen is located approximately 4.6 m 
from the contact with the hanging wall and the grain size is 2-5 mm. 
Fe2°3 
ZnO 
MnO 
A12°3 
Si02 
Total 
Fe203 
ZnO 
MnO 
Al203 
sio2 
Total     104790    102.77    103.04 
1 3 4 5 6-1 
68.31 70.82 67.52 68.44 68.78 
25.20 25.33 25.39 25.31 25.57 
7.96 7.69 7.94 8.21 7.66 
0.61 0.59 0.59 0.60 0.58 
0.00 0.00 0.00 0.00 0.00 
102.08 104.43 101.44 102.56 102.59 
7-1 8-1 8-2 
69.65 68.30 68.34 
25.88 25.22 25.48 
8.78 8.64 8.59 
0.59 0.58 0.60 
0.00 0.03 0.03 
Zl-1 Z3 Z5-1 Z6-1 Z8-1 
FeO 0.23 0.24 0.23 0.29 0.26 
ZnO 99.48 100.66 100.25 99.36 98.57 
MnO , 0.28 0.58 0.69 0.84 1.28 
A1203 0.10 0.09 0.08 0.08 0.08 
Si02 0.01 0.00 0.00 0.00 0.04 
Total     100.10    101.57    101.25    100.57    100.23 
Z8-2      Tl-1      Wl-1      W5-1       W7 
FeO 0.28 0.26 0.38 0.28 0.43 
ZnO 96.01 4.54 66.54 66.49 63.37 
MnO 1.27 31.14 2.79 3.90 2.22 
A1203 0.09 0.00 0.01 0.02 0.00 
Si02 0.04 29.44 30.09 28.24 30.78 
Total      97.69     65.38     99.81     98.83     96.70 
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Sawple 5-5 (cont'd.) 
FeO 0.19 
ZnO 35.81 
KnO 3.22 
M203 0.00 
sio2 28.42 
Total 67.64 
2 I (W7) 
Fe2°3 67.60 65.91 
ZnO 24.73 24.31 
MnO 7.52 8.37 
A1203 0.49 0.47 
sio2 0.00 0.10 
MgO 0.82 0.51 
Total     101.16     99.67 
W7       T8-1 
FeO 0.00 0.00 
ZnO 63.89 3.86 
MnO 4.04 31.77 
A1203 0.00 0.00 
Si02 30.45 31.21 
MgO 4.87 32.42 
Total 103.25 99.26 
212 
Saaple  5-6 
The sample is  fro© the north end of the 935 stope,  9.1 m  (30 
feet)   bellow the  183 a   (600-foot)   level  in the red willemite  rone, 
middle of the east  limb.     The ore zone  is  about 6.1 » wide and  the 
sample consists of franklinite, willemite,  and tephroite  in cal- 
cite.     The  specimen was  obtained  5.7 in  from the hanging wall.     The 
grain sire  is approximately 2-5 nra. 
2-1 2-2 3-1 3-2 4-1 
Fe2°3 69.75 67.91 68.08 68.78 68.96 
ZnO 27.15 27.44 27.93 27.09 27.50 
MnO 5.32 5.22 4.98 5.34 5.36 
A1203 0.83 0.81 0.81 0.87 0.84 
sio2 0.00 0.00 0.00 0.00 0.00 
HgO 0.84 0.77 0.66 0.89 0.78 
Total 103.89 102.15 102.46 102.97 103.44 
5 
Fe203 69.67 
ZnO 27.61 
MnO 5.63 
A1203 0.95 
Si02 0.00 
MgO 1.11 
Total 104.97 
KW2-1) W3-11 T3-12 T3-13 W4-1+ 
FeO 68.01 0.00 1.17 0.00 0.32 
ZnO 29.11 59.74 10.15 4.51 70.04 
MnO 3.76 3.65 14.63 34.95 3.02 
A1203 0.81 0.15 0.00 0.02 0.17 
Si02 0.00 31.80 36.03 31.75 30.74 
MgO 0.42 9.19 41.77 30.96 0.93 
Total     102.11    104.53    103.75    102.29    105.22 
Lighest material on specimen current image, Figure 36.-> 
2
 Dark material on specimen current image, Figure 36. 
3
 Grey material on specimen current image, Figure 36. 
+ Inclusion in tephroite T4-1 
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Sample 5-6 (cont'd.) 
T4-1 Cl C2 C3 
FOO 1.26 0.22 0.16 0.19 
ZnO 12.83 0.60 0.48 0.60 
MnO 14.00 9.97 58.41 16.00 
Al2°3 0.00 0.03 0.46 0.00 
sio2 35.60 0.05 0.11 0.11 
MgO 40.47 8.67 1.17 6.01 
Total     104.16     19.54     60.79     22.91 
214 
Sample 5-7 
The sample is from the north end of the 935 stop©, 9.1 n (30 
feet) below the 183 ra (600-foot) level in the red willemite zone, 
middle of the east limb.  The ore zone is about 6.0 m wide and the 
sample consists of franklinite, zincite, and tephroite (intimately 
intergrown with willemite) in a matrix of calcite. The specimen 
is froia the footwall which is approximately 6.0 ra from the hanginq 
wall. The grain size of the franklinite and tephroite is 2-5 ram. 
1 3 4 6-1 11 
Fe203 67.81 68.21 67.28 67.98 67.74 
ZnO 26.55 26.93 26.66 28.19 26.39 
MnO 6.45 6.32 6.34 6.06 6.33 
A1203 0.58 0.52 0.54 0.51 0.53 
Si02 0.02 0.01 0.01 0.02 0.02 
Total     101.41    101.99    100.83    102.76    101.01 
12 
Fe203 68.94 
ZnO 26.44 
MnO 6.07 
A1203 0.54 
Si02 0.01 
Total 102.00 
Z2        Z6       W6-1*      T2       T6-1, 
FeO 0.22 0.33 0.28 0.60 0.49 
ZnO 98.51 98.97 41.15 9.50 8.64 
MnO 0.74 0.94 13.10 13.65 14.86 
A1203 0.09 0.04 0.03 0.00 0.00 
sio2. 0.03 0.02 31.08 30.42 30.68 
Total      99.59    100.30     85.64     54.17     54.67 
F(3) 
FeO 1.48 
ZnO 98.49 
MnO 0.83 
A1203 0.10 
Si02 0.02 
Total 100.92 
* Willemite intergrown with tephroite in grain 6. 
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Sample 5-7 (cont'd.) 
6 
Fo203 68.00 
ZnO 22.95 
MnO 6.22 
A1203 0.45 
Si02 0.00 
HqO 0.59 
Total 98.21 
T2-1 T6 
FeO 0.24 0.30 
ZnO 7.66 7.58 
MnO 15.24 16.17 
A1203 0.00 0.00 
sio2 32..80 32.92 
MgO 38.86 38.28 
Total      94.80     95.25 
216 
Saraple 6-1 
The saaple is from the 183 n (600-foot) level in the 1160 
crosscut at the entrance to the 1140 pillar in the cross-member. 
The specimen is fro© the western contact of the ore zone, which 
here consists of a thin band of black willemite with frank Unite 
in calcite. The grain size is 2-5 nm. 
3 6 12 13 15 
Fo203 74.84 75.92 74.18 74.35 75.38 
ZnO 19.42 19.72 18.96 19.45 19.57 
MnO 5.49 5.73 5.43 5.45 5.43 
AI2O3 1.36 1.40 1.33 1.35 1.38 
Si02 0.00 0.00 0.00 0.00 0.00 
MgO 0.39 0.39 0.43 0.44 0.41 
Total 101.50 103.16 100.33 101.04 102.17 
I(W1)      KW14)     I(W15) 
Fe2°3 75.60 75.12 77.67 
ZnO 17.61 17.89 17.35 
MnO 6.58 6.91 6.99 
A1203 1.34 1.31 1.44 
sio2 0.00 0.00 0.00 
MgO 0.16 0.23 0.28 
Total     101.29    101.46    103.73 
Wl        W2 .       W14       W16      W16-1 
Feo 1.57 1.75 1.05 1.67 1.45 
ZnO 62.90 61.67 63.69 64.01 46.56 
MnO 4.10 3.97 4.01 4.18 3.62 
A12°3 0.85 0.15 0.00 0.00 0.00 
sio2 29.95 29.80 29.78 30.68 28.23 
MgO 0.25 3.93 3.25 3.36 3.09 
Total      99.62    101.27    101.78    103.90     82.95 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total      80.52     99.25 
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F(7) F<15) 
2.63 2.58 
3.04 2.73 
0.20 0.20 
2.34 0.20 
48.23 62.99 
24.08 30.55 
Sample 6-2 
The sample is from the 183 a (600-foot) level, 1150M, in the 
1160 crosscut in the cross-member. Thesample is from a thin band 
of brown willemite which occurs 0.6 n  from the hanging wall in a 
horizontal (easterly) direction. The specimen consists of frank- 
lin! to and brown willemite grains individually scattered in a 
calcite matrix. The grain size is approximately 2-5 ro». 
3 9 10 11 12 
Fe2°3 71.98 72.87 73.05 72.73 . 73.26 
ZnO 21.46 21.12 21.07 21.04 21.49 
MnO 6.38 6.47 6.63 6.54 6.37 
Al20- 0.00 0.00 b.oo 0.00 0.00 
sio2 0.00 0.00 0.00 0.00 0.00 
MgO 0.02 0.03 0.02 0.03 0.02 
Total      99.84    100.49    100.77    100.34    101.14 
KW2) I(W5) KW6) 
Fe203 65.36 68.95 66.21 
ZnO 23.31 25.65 25.20 
MnO 10.54 7.03 8.63 
A1203 0.00 0.00 0.00 
sio2 0.00 0.13 0.08 
MgO 0.00 0.00 0.00 
Total 99.21 101.76 100.12 
Wl W2 W5 W6 W7 
FeO 1.57 IA? 1.26 1.43 1.58 
ZnO 64.31 63.15 64.63 63.33 62.73 
MnO 3.93 4.82 4.40 4.16 4.45 
A1203 0.00 0.00 0.00 0.00 0.00 
Si02 30.29 30.17 30.03 29.17 30.05 
MgO 0.37 0.44 0.31 0.39 0.35 
Total     100.47    100.15    100.63     98.48     99.16 
W13 ?* 
FeO 1.54 2.41 
ZnO 64.25 5.17 
MnO 4.30 0.53 
A1203 
Si02 
0.00 
30.13 
0.00 
59.45 
MgO 0.38 20.26 
Total     100.60     87.82 
* Silicate in fracture in willemite grain W6. 
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1-1 2 3 4 6-1 
73.02 76.67 71.40 73.48 72.15 
28.38 21.44 21.70 21.12 22.04 
1.88 7.19 6.68 6.94 7.09 
0.03 0.01 0.02 0.01 0.03 
0.00 0.00 0.00 0.00 0.00 
0.03 0.13 0.09 0.10 0.10 
Sample  6-3 
The sample  is   from the  183 m  (600-foot)   level,   1150N,   In  the 
1160 crosscut  in the cross -member.    The sample consists of frank?- 
linite and  tephroite grains scattered within calcite.     Some of  the 
tephroite  is intimately intergrovn with the  franklinite.    The sample 
is   located 4.5 ra from the hanging wall  in a horizontal   (easterly) 
direction  from the entrance to the  crosscut.     The grain size  is 
between 2  and 5 mm. 
Fe203 
ZnO 
MnO 
Al2°3 
Si02 
MgO 
Total     103.34    101.44     99.89    101.65    101.41 
Fe203 
ZnO 
MhO 
A1203 
sio2 
MgO 
Total     101.89    100.56     98.00 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total      62.25     94.82     88.74     85.56     17.87 
KT1-1) KT3-1) KT6-1) 
69.05 68.00 65.26 
22.91 22.63 24.64 
9.06 9.66 7.67 
0.00 0.00 0.00 
0.73 0.23 0.38 
0.14 ,0.04 0.05 
Tl-1 T2-1 T3-1 T6-1 C* 
4.99 3.18 1.02 4.06 0.41 
5.11 3.11 2.57 3.36 0.73 
7.65 0.46 0.47 5.71 16.16 
0.00 0.00 0.00 0.00 0.00 
33.27 62.76 59.62 51.37 0.26 
11.23 25.31 25.06 21.06 0.31 
* Calcite in T2-1. 
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1-1 2 3-1 4-1 5 
69.61 69.08 69.06 67.99 68.39 
22.14 20.66 21.46 21.63 21.43 
9.69 10.19 9.80 9.51 9.93 
0.05 0.05 0.04 0.05 0.04 
0.00 0.00 0.03 0.03 0.00 
0.03 0.05 0.03 0.03 0.04 
Sanple 6-4 
The saaple is from the 183 a (600-foot) level, 1150N in the 1160 
crosscut in the cross-nenber. The sample has a gneissic texture and 
consists of franklinite and red willemite grains with very little 
calcite. The specimen was located 5m froa the hanging wall in a 
horizontal (easterly) direction from the entrance to the crosscut. 
The grain size ranges from 2-5 ran. 
Fo203 
ZnO 
MnO 
A1203 
sio2 
MgO                      
Total     101.52    100.03    100.42     99.24     99.83 
Fe203 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total      99.67     99.87    100.00    JL01.06 
FeO 
ZnO 
MnO 
Al2°3 Si02 
MgO 
Total     102.82    100.83    104722    104.06'     90.41 
FeO 
ZnO 
MnO 
A120^ 
Si02 
MgO 
Total      89.84    105.08     91.92 
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I(Tl-l) KT3-1) I(W4-1) KW5-1) 
66.03 66.06 67.23 68.99 
25.22 26.29 23.50 21.03 
7.67 7.33 9.10 10.92 
0.05 0.00 0.00 0.06 
0.70 0.17 0.09 0.05 
0.05 0.02 0.02 0.02 
Wl-1 W3-1 W4-1 W5-1 Tl-1 
0.60 0.78 0.61 0.78 2.20 
67.04 63.87 68.04 65.26 0.93 
5.37 6.42 5.43 7.73 51.31 
0.00 0.00 0.00 0.00 0.00 
29.60   , 29.54 29.92 30.05 35.37 
0.21 0.22 0.22 0.24 0.60 
T3-1A T3-1B T4-1 
2.14 1.54 2.30 
1.02 3.12 1.37 
51.06 68.33 50.91 
0.00 0.00 0.00 
35.13 31.34 36.12 
0.49 0.75 1.22 
Saaple  6-5 
The  sample  is   from the  183 m  (600-foot)   level,   1150N,   in  the 
1160 crosscut in the cross-member.     Tlie sample consists of massive 
franklinite with no calcite or willemlte present and is   located 9 a 
frora the hanging wall in a horizontal   (easterly)   direction  fro» the 
entrance  to the crosscut. 
1 2 3 4 5 
Fe203 72.38 71.83 71.50 72.03 71.56 
ZnO 19.32 19.65 19.51 19.83 19.74 
MnO 9.17 9.16 9.13 8.76 8.85 
AI2O3 0.06 0.05 0.05 0.04 0.03 
sio2 0.00 0.00 0.00 0.00 0.00 
MgO 0.06 0.06 0.06 0.03 0.03 
Total 100.99 100.75 100.25 100.69 100.21 
Fe203 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 100.63 75.67 91.92 
6 F(3) F(5) 
71.98 2.95 3.15 
19.76 1.34 1.39 
8.80 39.57 51.56 
0.04 0.00 0.00 
0.00 31.30 35.47 
0.05 0.51 0.35 
221 
Saaple 6~B 
The saueplo is from the 183 ra (6O0-foot) level, 1150N in the 1160 
crosscut in the cros3-«e«b«»r. The sample, which consists of indivi- 
dual franklinite and red wlllemite grains scattered within calcite. 
was located 21 n from the hanging wall in a horizontal (easterly) 
direction from the entrance to the crosscut. The grain sixe ranges 
from 2-5 naa. 
Fe203 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 
1 2 3 4 13 
66.97 67.47 67.53 67.25 67.35 
21.91 21.45 21.67 21.54 20.99 
11.56 10.97 10.99 10.99 11.37 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.01 0.02 
100.44 99.89 100.29 100.69 99.63 
15 KW6) I(W7) 
67.45 67.43 66.63 
21.33 20.74 23.22 
11.47 12.19 8.98 
0.00 0.00 0.00 
0.00 0.03 0.03 
0.00 0.02 0.01 
Fe203 
ZnO 
MnO 
A1203 
S102 
MgO 
Total     100.15    100.41     98.87 
FeO 
ZnO 
MnO 
Al203 
Si02 
MgO 
Total 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total      99.71     22.42 
W5 W6A W6B W7 W14 
0.21 0.14 0.10 0.17 0.39 
61.62 63.68 67.47 63.83 63.00 
8.89 8.18 3.99 7.48 9.33 
0.00 0.00 0.20 0.00 0,00 
29.87 29.71 29.13 29.73 29.89 
0.09 0.08 0.07 0.09 0.11 
100.68 101.09 100.96 101.30 102.72 
W15 C 
0.18 0.00 
62.15 2.41 
7.55 19.88 
0.00 0.00 
29.72 0.02 
0.11 0.11 
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Sample 6-11 
The sample is from the 183 ra (600-foot) level, 1150M, in the 
1160 crosscut in the cross-member.  The sample consists of sparse 
calcite, black willemite grains, and franklinite which occurs both 
as inclusions in willemite (especially concentrated alonq grain 
boundaries) and as discrete grains.  Location:  50 m from the 
hanging wall in an easterly direction from the entrance to the 
crosscut. The grain size of the willemite ranges from 2-5 ram. 
Fo203 
ZnO 
MnO ,.. 
AI2O3 
Si02 
MgO 
Total 
Fe203 
ZnO 
MnO 
AI2O3 
Si02 
MgO 
Total 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total     105.31    105.28    101.74     99.88     99.73 
6 8-1 8-2 10-1 I(W7)* 
74.50 84.04 76.61 78.10 100.06 
21.15 15.63 16.70 17.14 4.26 
5.44 4.31 4.38 4.39 1.17" 
0.04 0.10 0.22 0.19 0.00 
0.00 0.04 0.12 0.11 0.65 
0.09 0.01 0.04 0.02 0.02 
101.22 104.13 98.07 99.95 106.16 
KW8-1)* KW9-D* KW10-2) l* KW10-2)2* KW10-2) 
99.52 100.20 101.81 100.03 100.87 
2.34 3.70 2.21 4.63 2.41 
1.94 1.37 2.04 1.23 1.72 
0.00 0.00 0.00 0.00 0.00 
0.91 0.07 0.22 0.09 0.20 
0.01 0.00 0.00 0.00 0.00 
104.72 105.34 106.28 105.98 105.10 
W7A W8-1 W9-1 W10-2 W10-3B 
4.73 3.49 4.37 1.23 1.95 
63.87 69.77 62.14 66.65 64.63 
5.60 2.24 5.00 3.32 2.30 
0.00 0.00 0.00 0.00 0.00 
30.83 29.68 30.00 28.50 30.38 
0.28 0.10 0.23 0.18 0.47 
1
 Franklinite located on grain boundary of willemite. 
*• Franklinite that is not located on a grain boundary of willemite, 
A Non-fluorescing area on willemite. 
B
 Analysis near the center of the willemite grain. 
* High total due to all iron arbitrarily expressed as Fe203; these 
spinel inclusions are close to magnetite in composition as shown 
by good summations if about 1/3 of the total iron is expressed 
as FeO. 
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Sample 6-11 (cont'd.) 
W10-3* ca-i       c 
FeO 2.44 8.54      1.65 
ZnO 65.87 42.11 0.57 
*to° 4.31 0.18 20.14 
AI2O3 °-00 38.20 0.00 
Si02 30.17 0.00 0.00 
Mg0 0.20 0.01 0.21 
Total 102.99 89.04 22.57 
c
 Analysis near the edge of the willemite grain. 
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Sample   7-1 
The sample  is   from the  BOO  stope,   55 m  (180-foot)   level,   foot- 
ball drift 920N to 1570W in the west  li«b.     The specimen  is   froai the 
'hanging wall, which at this   location consists of a thin hand of 
franklinite and black wiliest!te within calcite.     The grain sire  is 
approximately 2-5 ma. 
Fe2o3 
ZnO 
MnO 
*l2°3 
sio2 
MgO 
Total 104.17 102.87 104.05 103.11 102.91 
2-1 2-2 3 4-1 5-1 
78.28 75.59 77.66 75.11 67.98 
18.62 19.87 19.73 20.40 24.87 
4.36 4.16 3.86 4.05 8.68 
2.54 2.88 2.34 3.18 1.12 
0.00 0.00 0.00 0.00 0.00 
0.37 0.37 0.46 0.37 0.26 
KW1) KW2) 
Fe203 67.75 99.22 
ZnO 24.69 4.76 
MnO 10.16 2.04 
A1203 1.03 0.08 
Si02 0.00 0.00 
MgO 0.20 0.12 
Wl W2-1 W2-2 , W6 G3+ 
0.64 3.30 1.89 2.81 9.13 
66.33 64.11 67.97 64.56 42.58 
6.63 3.52 2.98 3.66 0.19 
0.00 0.00 0.03 0.00 54.29 
31.01 31.44 31.70 30.84 0.00 
1.45 3.41 2.91 3.40 0.25 
Total 103.83 106.22 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 106706 105.78 107.48 105.27 106.44 
FeO 
ZnO 
MnO 
A1203 
sio2 
Mgo   
Total       5.10     85.26 
+ Located in franklinite grain 3. 
? Unknown silicate near franklinite grain 3. 
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c ? 
0.41 3.65 
0.17 4.03 
3.74 1.01 
0.00 13.35 
0.00 40.04 
0.78 23.18
1-1 1-2 1-3 3-1 3-2 
68,40 67.85 68.17 68.59 68.86 
19.961 20.53 20.01 19.98 19.76 
8.71 8.84 8.69 8.62 8.78 
1.11 1.09 1.17 1.15 1.19 
0.00 0.00 0.00 0.00 0.00 
0.23 0.20 0.23 0.24 0.22 
Sample 7-2 
The aanf>le is from the 800 stope, 55 ra (180-f©ot) level, foot- 
wall drift 920?l to 1570W,in-therwest lirah. The specimen is from a 
zone of franklinite and willemitc with scattered zincite grains with- 
in calcite. The sample was located 3 ra from the hanging wall in a 
horizontal direction (westerly)> the grain site is 2-5 rara. 
PG2°3 
7.nO 
MnO 
A1203 
sio2 
MgO 
Total      98.41     98.51     98.27     98.58     98781 
5-1       5-2      I(Wl-l)    KW3-1)    KW5-1) 
Fe203      68.80     68.42     66.94     67.68     67.89 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total      98.12     98.30     97.71     98.50     98.60 
Wl-1 W3-1 W5-1 Z3-1 Z5-1 
FeO 0.30 0.36 0.31 0.15 0.15 
ZnO 59.74 60.99 60.89 98.26 99.56 
MnO 5.67 5.89 6.47 1.50 1.24 
A1203 ^    0.00 0.00 0.08 0.04 0.03 
Si02> 29.95 30.32 30.19 0.00 0.03 
Mg0
 1.33 1.35 1.30 0.06 0.07 
Total 97.09 98.91 99.24 100.01 101.08 
19.30 19.84 19.89 20.20 19.69 
8.61 8.72 9.62 9.37 9.81 
1.16 1.12 1.08 1.12 1.07 
0.00 0.00 0.00 0.00 0.00 
0.25 0.20 0.18 0.13 0.14 
FeO 0.00 
ZnO 0.57 
MnO 14.75 
A1203 0.31 
sio2 0.00 
MgO 0.77 
Total 16.30 
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Sample 7-3 
The saiaple is froa the 800 stope, 55 m (180-foot) level, foot- 
wall drift 920M to 1570W in the vest limb. The specimen is made up 
of franklinite, zincite, willesiite, and a small amount of tephroite 
within calcite. In addition, hetaerolite was found within sincite. 
The sample is 4.8 m from the hanging wall in a horizontal direction 
(westerly) and the grain size is 2-5 ma. 
Fe2o3 
ZnO 
Mno 
A1203 
Si02 
MgO 
Total 
Fe203 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 
1-1 2 3-1 3-2 5-1 
70.68 70.11 69.76 69.12 69.20 
21.95 22.19 23.05 22.41 22.12 
10.41 10.53 10.30 10.42 10.30 
0.76 0.75 1.21 0.68 0.68 
0.00 0.00 0.00 0.00 0.00 
0.21 0.27 0.20 0.25 0.22 
104.01 103.85 104.52 102.88 102.52 
5-2 I(Wl-l) 
' 
69.15 69.59 
22.76 22.06 
10.31 12.18 
0.69 0.70 
0.00 0.00 
0.22 0.16 
103.13 104.69 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 
Zl-1 Z2 Z3-1** Z5-1 Wl-1 
0.26 0.25 1.24 0.22 0.40 
99.13 100.22 99.24 99.63 62.38 
2.22 2.26 1.55 2.18 8.57 
0.03 0.05 0.00 0.02 0.00 
0.01 0.05 0.00 0.02 0.00 
0.09 0.11 0.08 0.11 1.52 
101.74 102.94 102.11 102.18 102.87 
FeO 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total 
W3-1 H T+ C 
0.33 0.10 0.00 0.00 
66.81 36.01 51.80 0.43 
7.85 61.52 24.37 17.62 
0.00 0.01 0.00 0.00 
30.89 0.03 19.51 0.00 
1.53 0.48 0.41 0.88 
107.41 98.15 96.09 18.93 
** Zincite located between franklinite 3-1 and willemite 3-1. 
Tephroite located by hetaerolite and in zincite 5-1. 
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Sample 7-4 
The sample is from the 800 stope, 55 JB (180-foot) level, foot- 
wall drift 920M to 1570W in the west li»b.  The specimen is from a 
zone of franklinite and red willemite with scattered zincite in cal- 
cite. The sample is located 6.3 m  frora the hanging wall in a hori- 
zontal direction (westerly). The average grain size is 2-5 ram. 
Fe2C>3 
ZnO 
MnO 
Al2«3 
sio2 
MgO 
Total 
Fe2o3 
ZnO 
MnO 
A1203 
Sio2 
MgO 
Total     101.55    100.26    100.59    101.00 
FeO 
ZnO 
MnO 
Al2°3 
Si02 
MgO 
Total     104.12    103725^    103.69    102.29    100.84 
1-1 3 5 6 7 
67.80 67.85 67.83 >.-■     67.48 68.7.1 
22.41 22.24 21.93 j 21.68 21.53 
10.24 10.02 9.94 9.80 9.90 
1.01 0.98 1.00 1.03 0.99 
0.00 0.00 0.00 0.00 0.00 
0.27 0.28 0.29 0.24 0.25 
101.73 101.37 100.99 100.23 101.38 
9 10 13 KW2) 
68.58 67.53 68.08 68.81 
21.78 21.74 21.48 21.84 
9.84 9.70 9.74 9.23 
1.04 1.03 1.01 0.98 
0.00 0.00 0.00 0.00 
0.31 0.26 0.28 0.14 
Wl-1 W2 W4 W8 Z6-1 
0.38 0.31 0.40 0.30 0.23 
63.77 63.70 63.64 62.79 98.42 
7.41 6.60 7.15 6.95 2.12 
0.00 0.00 0.00 0.00 0.00 
30.75 30.66 30.72 30.48 0.00 
1.81 1.98 1.78 1.77 0.07 
Z10-1 
FeO 0.45 
ZnO 97.36 
MnO 1.68 
A1203 0.00 
sio2 0.00 
MgO 0.07 
Total 99.56 
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Saaple 7-5 
The sample is from the 800 stop*, 55 a (180-foot) level, foot- 
wall drift 920N to 1570W in the west limb. The specimen is frow a 
zone of franklinite and brown willemite disseminated within a cal- 
eite aatrix. The sample is located 7.8 » from the hanging wall in 
a horizontal direction (westerly). The average grain size is 2-5 i 
1 3 5 6 8 
72.53 72.21 72.07 71.86 72.02 
22.77 22.51 22.85 22.69 22.05 
4.81 4.88 4.87 4.79 4.90 
1.32 1.26 1.33 1.24 1.20 
0.00 0.00 0.00 0.00 0.00 
0.36 0.36 0.37 0.35 0.35 
101.79 101.22 101.49 100.93 100.52 
9 10 11 12 13 
71.87 72.18 71.52 71.52 72.16 
22.77 22.78 22.81 22.81 22.91 
4.94 4.92 4.92 4.95 4.98 
1.17 1.28 1.25 1.30 1.29 
.0.00 0.00 0.00 0.00 0.00 
0.40 
l ni    t c 
0.36 0.39 0.36 0.38 
Fc203 
ZnO 
MnO 
Al2°3 
sio2 
MgO 
Total 
Fe203 
ZnO 
MnO 
A1203 
Si02 
MgO 
Total     101.15    101.52    100.89    iOO.94    101.72 
Fe203 72.32 
ZnO 22.85 
MnO 4.87 
A1203 1.28 
sio2 0.00 
MgO 0.39 
Total 101.71 
FeO 
ZnO 
MnO 
A12°3 
Si02 
MgO 
Total     102.60    102.86    101.45    100.62    101.81 
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Wl-1 W2 W4 W7 W9-1 
1.06 0.96 1.13 0.83 0.94 
66.13 65.11 64.58 64.17 65.23 
3.09 3.26 3.29 3.01 3.11 
0.00 0.00 0.00 0.00 0.05 
30.03 30.12 29.78 29.72 30.03 
2.29 
irt»>    en 
3.41 2.67 2.89 2.45 
<*-& 
Sample 7-6 
The sample is frora the 800 stope, 55 n (18f>-foot) level, foot- 
wall drift 920N to 1570W in the west limb.  The specimen is fro« a 
sone of franklinite and red willeraite within calcite. The sample is 
located 10 n froo the hanging wall in a horizontal direction 
(westerly) and the grain sire is 2-5 mm. 
Fe203 
ZnO 
MnO 
A12°3 
Si02 
MgO 
Total 
1 3 4 5 6 
72.53 73.27 .74.49 75.12 74.78 
21.07 20.32 20.23 20.53 20.38 
7.40 7.17 7.32 7.38 7.29 
1.13 1.15 1.14 1.10 1.13 
0.00 0.00 0.00 0.00 0.00 
0.46 
1 /\*>      rtrt 
0.51 0.44 0.41 0.41 
102.09 102.42 103.62 104.54 104.09 
Fe203 
ZnO 
MnO 
Al2°3 
Si02 
MgO 
Total 
7 8 9 KW13) I(W14) 
74.75 74.83 74.35 74.01 73.93 
20.66 20.65 19.85 18.66 21.29 
7.29 7.40 7.43 9.50 8.10 
1.18 1.16 1.15 1.28 1.18 
0.00 0.00 0.00 0.00 0.00 
0.43 
1 f\ A       *% 1 
0.46 0.42 0.24 0.27 
104.31 104.40 103.20 102.69 104.77 
FeO 
ZnO 
MnO 
A12°3 
Si52 
MgO 
Total 
W12 W13 W14 
3.38 1.59 1.54 
64.03 64.31 65.44 
5.35 4.85 5.17 
0.09 0.13 0.18 
30.62 31.86 31.92 
2.70 2.90 2.63 
106.17 105.64 106.88 
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